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ABSTRACT: Most therapeutic agents used for treating braime—e & . cellular uptake
malignancies face hindered transport through the bladt (e \ s antiglioma aciivity.
barrier (BBB) and poor tissue penetration. To overcome thé&se==—— .y L BB;%gfm"ga{,i"ty
problems, we developed peptide conjugates of conventional_rq?daséeéaand ol s

experimental anticancer agents. SynB3 cell-penetrating S&RHAE ~ - MO @S Tl increased spheroid
derivatives were applied that can cross the BBB. Tuftsin derivatives, f L Y — g penetration
were used to target the neuropilin-1 transport system for selectiity

and better tumor penetration. Moreover, SynB3-tuftsin tande

. . 3 . d tit tivit
compounds were synthesized to combine thecisn@operties % Q;ug » anmoraciviy
of these peptides. Most of the conjugates showed high aR@EEE™ e limited spheroid
selective ecacy against glioblastoma cells. SynB3 and tand@mspheroid penetration

derivatives demonstrated superior cellular internalization. The

penetration prde of the conjugates was determined on a lipid monolayer and Transwell co-culture system with noncontact
HUVEC-U87 monolayers as sineglevo andin vitro BBB models. Importantly, in 3D spheroids, daunomycin-peptide conjugates
possessed a better tumor penetration ability than daunomycin. These conjugates are promising tools for the delivery systems v
tunable features.

INTRODUCTION mas are characterized by various degrees oftirmodumor

Gliomas are the most common type of primary brain tumorfarrier (BBTB) integrity depending on theedent tissue
accounting for 30% of all brain tumors. Gliomas are thought f§9ions- In bulky tumor areas, the BBTB integrity is
originate from the neuroglial stem or progenitor detiang compromised. It can be slightly leaky in more invasive peripheral
the many subtypes, glioblastoma (GBM) is the most aggress[egions, while in sparsely invaded sectors distant from the tumor
form characterized by poor prognosis and high recurrence ra@glk it can be intact. Where the BBTB is compromised, the
Despite the combined treatment of surgery, chemotherapymor could be more available for drugs; however, the intact
(mainly with temozolomide), and radiotherapy, the mediaBBTB protects regions with isolated tumor cells that can give
overall survival is less than 2 yeam glioma stem cell (GSC)  rise to tumor recurren&& Current noninvasive strategies to
subpopulation has been ideedi in glioblastoma, and overcome the BBB exploit receptor- and adsorptive-mediated
presumably, these cells are responsible for the resistancgra@sport systems using carrier molecules and nanotechnology-
conventional treatments as well as for the'h|'gh recurrence radgsed drug delivery 2

GSCs are capable of self-renewal aatkdtiation, and they Cell-penetrating peptides (CPPs) are promising tools to

have high tumorigenicftfthus, more eective approaches for  acpieve enhanced drug delivery for antitumor treatment. These
the treatment of gliomas and GBM are urgently needed.

The blood brain barrier (BBB), a complex neurovascular
unit, represents another dilty in the chemotherapy of Received: August 10, 2020
gliomas because it prevents therapeutic agents from passing
through the endothelium of its capillaries and, therefore, inhibits
the delivery of drugs to tumors of the central nervous system
(CNS).”® However, the functioning and organization of the
BBB can be altered under pathological conditions. Glioblasto-
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are short (usually less than 30 amino acids), positively charded several extracellular ligands including various forms of
peptides with amphipathic characteristics, and they are capaldecular endothelial growth factor (VEGF) and class 3
of rapidly entering cells without cytolytieots:** The semaphorins. Among others, NRP-1 plays a crucial role in
cationic SynB peptides (e.g., SynB1 and SynB3) belong to thegiogenesis, axonal guidance, and cell migiatierigands
CPP family and are able to cross the cellular membranes of #feNRP-1 often possess a CendR motif (R/IKXXR/K, C-end
BBB with high eciency->"® They are derived from a natural rule), which was idenéid as a key aspect for tumor and tissue
antimicrobial peptide called protegrin-1 (PG1, RGGRLCYGpenetration through the activation of an endocytotic/exocytotic
RRRFCVCVGR-NpL'" PG1 forms an antiparallesheet,  transport named the CendR pathidl. The C-terminal
constrained by two disde bridges. Eight PG1 peptides lysine or arginine is crucial for the activity of the ligands.
aggregate to form a membrane-spanning pore causing @ficking the free carboxyl group of this lysine or arginine residue
lysis.**°Replacement of the four cysteines with serines leadsfg amidation or elongating the sequence with other amino acids
linear peptides (SynBl, RGGRLSYSRRRFSTSTGR-NHcan eliminate the binding and the cellular uptake of the peptide.
SynB3, RRLSYSRRRF-N&i truncated derivative of SynB1) However, the internal (cryptic) R/KXXR/K motif in the ligand
which are able to cross cell membrane®etly without any  can also be adequate, since it can be exposed and switched on by
cytolytic eect. > “The transport mechanism of these peptidesyroteolytic cleavage at the site of actidihe binding of the
has been idengd as temperature- and energy-dependergargo carrying CendR peptide to NRP-1 initiates an endocytic
adsorptive-mediated transcytdsfs;" which provides the process that is distinct from the known endocytosis pathways.
possibility of uptake of cationic molecules at the luminal surfagg;g process is presumably followed by the releasing of
of endothelial cells and then the possibility of exocytosis at thgysomes containing CendBptitle-conjugated cargo to
abluminal sid& However, it is suggestedritro studies that accomplish cell-to-cell transport and consequeettyive
SynB peptides are sequestered within endocytotic vesicles gad, e penetration (or reaching the tumor side of the
might be degraded within lysosomal compartfrients. endothelium§>*° Successfuin vitro and in vivo tumor

Di erent drugs with poor bra'”'Pe”et_fa?“_rF‘lg ability (such aggnetration of drugs or drug-loaded nanoparticles was achieved
doxorubicint>*® paclitaxel? benzylpenicillift, dalargirt® with the aid of various CendR peptilaa®
and morphine-6-glucuroriijewere conjugated to peptides "1 ¢rcin is a naturally occurring tetrapeptide (human, TKPR;

from the SynB family. The conjugates, in particular, Syn%?é\nine, TKPK) produced by enzymatic cleavage of the Fc
conjugates in ansitu praln perfusion m_e.thod, hav_e shqwn aNgomain of the heavy chain of immunoglobulin G (1gG). Tuftsin
!ncreqsed uptake W%hout compromising the t'gh.t JunctioR s 2 wide range of biological activities such as the
I(Zf)?cglralbigifn-tgenBB?fB 2‘_ A?:gﬁrr:)?jrogyugt;iimg r?%gjur?gtes immunostimulatory ect and antitumor activity through the

; » &Py Synssan activation of immunologicegtor cell§? Furthermore, tuftsin
pac_lltaxefl]-'Synd_ were %blito ovequomdeénultkl]dn:g resr:stanhceoinds to NRP-1, it has a highly similar sequence to the C-
in vitro; this nding might be explained by the fact that the : i : s

) . . : terminus of VEGF-A165 (DKPRR), and tuftsin competes with it
conjugated drug is not recognized by the P-glycoprotein e ¢ - binding to NRP-13% (An antag);onist analogue gf tuftsin
pump. Increasémdvivo BBB penetration and increased analgesi KPPR. that has a 'higherneity for tuftsin receptors on '

activity of SynB3-conjugated endomorphin-1 were acflieved., . e
Studies onuorescently labeled gelatin-siloxane nanoparticlégg'agoc.ytIC cefitand possesses a CendR motif, binds to NRP-1

conjugated to SynB1 also showed incréasi transport approxw_natel_y 20-f0_|d more avidly tha_n witshoreover,
through the BBB arid vivo delivery to the braift.The BBB ~ Sequential oligopeptides based on tuftsin have been developed
transport characteristics (i and e ux) of ve structurally ~ and used asective carriers in monocyte related targetig.
di erent CPPs (pVEC, SynB3, Tat 87, transportan 10 _ Finding new drugs is also a promising tool in the combat
(TP10), TP10-2) were investigatéd vivo (intravenous ~ 2dainst gliomas. Salicylanilides (2-hyéNghenylbenza-
injection into mice) using radiolabeled pepiid€ationic ~ Mides) have shown a wide variety of interesting ]?5';3'09'0&'
CPPs like SynB3 showed high braiminates, and except for 2Ctivities including antimicrobial and antitumerts:
PVEC, all investigated peptides demonstrated aaigei ux Niclosamide is an oral antihelminthic salicylanilide drug, and
from the brain; however, among them, SynB3 had the lowd§cent studies ideréd it as a potential anticancer agent.
extent of eux. According to this study, the estimated cellHOwWeVer, its poor bioavailability because of its limited water
penetrating ability of SynB3 is lower than that of pvEC; Solubility is an obstacle. Niclosamide targets mitochondria by
therefore, despite the higheug rate of SynB3, a higher degree Uncoupling oxidative phosphorylation and inducing cell cycle
of selectivity could be achieved by its application. arrest, growth inhibition, and apoptosis. In addition, it also
CPPs provide an ective way of intracellular drug delivery; inhibits several signaling pathways (e.g., Waténin,
however, lack of cell-type speity remains a major MTORCL, STAT3, NFB, Notch)>*** Since the dysfunction
disadvantage for their clinical development. A promisir@f most of these pathways is involved in cancer stem cells,
strategy to increase the spati of CPP-based drug delivery Niclosamide is promising at destroying ffi€mrthermore, the
toward tumor cells is the conjugation of CPPs to targetingihibitory e ects of niclosamide on primary human glioblastoma
ligands such as homing peptides or tumor-penetratingglls were also demonstrated by suppressing signaling pathways.
peptides? A potential target for achieving the spégiis  Pre-exposure to niclosamide sigmitly diminished the
the neuropilin-1 (NRP-1) transport system. NRP-1 is expressgtlignant potential of glioblastoma dellgivo.>> Another
in most tissues; however, it is upregulated in angiogenic tunrgitdy found that niclosamide induced cytotoxicity in human
blood vessels (including brain endothelial cells) and usually gtioblastoma cells (U87) with increased protein ubiquitination,
tumor cell§*** Furthermore, it was reported that NRP-1 is endoplasmic reticulum (ER) stress, and autophaggrall,
overexpressed in gliomas and NRP-1 expression is increabedge ndings suggest that salicylanilide derivatives with an
with the elevation of glioma gratlRP-1 is a transmembrane e ective drug delivery system could be useful therapeutic
glycoprotein with multiple domains. It functions as a coreceptoandidates against GBM.
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Scheme 1. Structures of (A) Salicylanilide Derivatives, (B) Daunomycin, and (C) Synthesis of Temozolomide-Carboxylic Acid,
(D) Conjugation of Salicylanilide and Daunomycin to (Aminooxy)acetylated Peptide Derivatives to Obtain Drug-Peptide
Conjugates with an Oxime Bond, (E) Synthesis of Temozolomide Conjugates to Obtain a Drug-Peptide Conjugate with an
Amide Bond, and (F) the Summarized Schematic Structure of the Carrier Peptide Derivatives
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In this study, we designed drug-peptide conjugates of SynB&nslocation and they provide target sggciand tumor

and tuftsin derivatives. Conjugates of tandem peptidgenetratiori’ °* As drug candidates against glioblastoma, we
composed of both SynB3 and tuftsin derivatives were alssed new salicylanilide derivatives (Sal). A conventional
used to combine the advantages of these peptides and to devaloptumor agent daunomycin (Dau, which has a poor
selective delivery systems. In the case of tandem peptides peretration into the brain due to the multidrug resistance
hypothesized that SynB3 derivatives used as cell-penetratimgchanish?) and the rst-line anti-glioblastoma agent
peptides with the ability to cross the BBB are mective in temozolomide (TMZ, which is able to cross the BBB, but
transferring drugs through the endothelial barrier, whereamproved selectivity is neetipavere also applied. Here we
tuftsin derivatives as CendR peptides also assist in vascuodgoort the desigde novo synthesis, chemical characterization,
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and in vitro evaluation of new salicylanilide derivativesand analytical RP-HPLC (a purity of at least 95%4)I¢ S1,
salicylanilide-, daunomycin-, and temozolomide-peptide cdrigure Sy

jugates. Secondary structure analysis, lysosomal degradatiofhe compounds were characterized by their estimated
cytostatic and cytotoxic activity, cellular uptake, intracellulipophilicity prole by means of their retention time obtained
localization in cell culture monolayers, and penetration ability by RP-HPLC and calculated logP values obtained by the
conjugates ogx vivo andin vitro BBB models and into three- Chemicalize online platformittps://chemicalize.com/app/

dimensional (3D) tumor spheroids are presented. calculation ChemAxonPASS), as detailed inShpporting
Information, Figure S®he carrier peptides are less lipophilic
RESULTS AND DISCUSSION than the corresponding conjggates, there is noca_'rgni
. . o . di erence between the lipophilicity of the corresponding Dau-
Synthesvs and Chemlcal.Characterlzatl_on of Peptide and Cf-peptides, while the corresponding Sal3-conjugates
Conjugates. The summarized schematic structures of thepossess the most lipophilic character.
compounds used in this study are presentéttfiame .1 The stability of the conjugates was investigated under the
Salicylanilide derivatives Sall, Sal2, and Sal3 were prepareghagitions applied in vitro studies using analytical RP-HPLC
described before and mass spectrometry. The conjugates were stable in DMSO at

The carrier peptides were synthesized by solid phase peptifec at |east for 4 weeks. Dau-conjugates and Sal3-conjugates
synthesis using the standard Fiacstrategy. The synthesis yere stable in DMEM supplemented with 2.5% FBES (3%
of tuftsin derivatives is presented in our previousV8ykB3 CO,) at least for 24 hHigure Sp The TMZ-conjugates, TMZ-
and tuftsin derivatives were mediwith decanoic acid chains gynB3 and TMZ-GFLG-SynB3, decomposed in DMEM
to enhance the lipophilicity, membraneity, cell penetration,  sypplemented with 2.5% FBS with a half-life of 20Figim¢
and endosomal escape properties as well as the encapsulaignTmz is a prodrug; it is stable at acidic pH (e.g., in the
e cacy of peptidéS™ °° Peptides with an acetylated or free stomach) but hydrolyzes at physiological pH (pH 7.4, e.g.,
N-terminus were prepared as controls. Fluorescently labelg@od, cell culture medium) to the active and unstable 5-(3-
peptides with 5(6)-carboxjorescein at the N-termini (Cf- methyl-triazen-1-yl)imidazole-4-carboxamide (MTIC) which
peptide derivatives) were prepared for the cellular uptakgpidly decomposes to form the highly reactive methylating
studies. For the conjugation, the N-termini of the peptides weggyent methyldiazonium cation and to the inactive 5-arhino-1
(aminooxy)acetylated (Aoa-derivatives). The C-terminus of thghidazole-4-carboxamide (AI€Lonjugated TMZ possesses
peptides was obtained in amide form; only in the case of TKPRffe same feature in the cell culture medium, resulting in some
and SynB3-TKPPR, the C-terminus was obtained in carboxyhctive AIC-peptide derivatives.
form after cleavage from resin. Circular Dichroism Spectroscopic Evaluation of the
Conjugable salicylanilide S&lg4-acetylphenyl)-5-bromo-  Secondary Structure of SynB3 and Tuftsin Derivatives.
2-hydroxybenzamide) and daunomycin (Dau) were conjugatgthe solution conformation of the acetylated tuftsin-antagonist
to the peptides via an oxime bond, directly or by the insertion @feptide TKPPR, SynB3, and its tandem TKPPR derivative was
an enzyme cleavable linkBci{eme )1 The oxime bond is  studied under derent solvent conditions employing CD
stable between pH 3 and‘8he incorporation of a GFLG  spectroscopy in the far ultraviolet region. This highly sensitive
tetrapeptide between the drug and the carrier moiety might bgethod is widely used for determining and monitoring the
necessary for saient drug release andoacy. The GFLG  secondary structure of proteins and peﬁga‘es:CD curve of
linker can be cleaved by the lysosomal cathepsin B that is presg@htacetylated peptides measured in water displayed a sole
at elevated levels in cancer ¢&iisThe salicylanilide- and negative band with a minimum between 196 and 204 nm,
daunomycin-peptide conjugates were prepared by oxime bafighgesting the ensemble of various conforfigrse( A).
formation from the appropriate (aminooxy)acetylated peptidghis picture is in line with the cationic nature of SynB peptides
and the oxo-group-containing drug molecules as describgtlere electrostatic repulsions between abundant, positively
earlier’ The conjugation was followed by analytical RP-HPLGharged side chains hinder helix formation. The 6 nm red shiftin
(Figure S)L Although doxorubicin-SynB3 conjugate (anthe CD extremum of Ac-TKPPR with respect to the SynB3
analogue to Dau-SynB3 conjugate) was prepared and evaluaiggctrum is due to the drent excitation energies of imino- and
by Rousselle et &l.the Dau-Aoa-SynB3 conjugate presentecamino acid-containing peptide bonds. Distinct from other
here represents a new molecule that is basicetgndifrom residues, proline is an imino acid and makes not a secondary but
the doxorubicin-SynB3 not only in the drug molecule (Dau va tertiary amide bond, the * transition of which is at longer
doxorubicin) but also in the bond between the drug and peptidgavelengths Due to this reason, the proline residues asb a
(oxime vs amide). the i, position of the tandem peptide, shifting it to 199 nm
The detected metabolites containing the N-terminal aminpFigure A). However, in a helix-promoting solvent like
acid and drug molecule as the smallest lysosomal degradatibruoroethanol (TFE), this coil-like CD feature changed
products were also synthesized using amino acids functionalizedsiderably to an intense, * type CD couplet and an
with an (aminooxy)acetyl group, and these Aoa-amino acithresolved broad n* component centered around 220 nm
derivatives were conjugated to Sal3 or Dau as describéd earligrigure B,C). This spectral pattern is indicative of the TFE-
Temozolomide was modd by diazotation and hydrolysis to induced formation of an organized, right-handeelical
obtain temozolomide-carboxylic acid (TMZAY(res S2 and  secondary structutéSince haloalcohols provide a membrane-
S3 characterization of TMZA). TMZA was coupled to SynB3mimicking environmefit,these spectroscopic results predict
peptide derivatives via an amide bond on the solid phase, andth&t upon contact with lipid membranes Ac-SynB3 readily
conjugates were cleaved from the’fésigScheme)l adopts amphipathic helices. Compared to the parent peptide,
The peptide derivatives and conjugates weregusing qualitatively similar spectral alterations were obtained for the
semipreparative RP-HPLC and chemically characterized Ag-SynB3-TKPPR derivativEigure B,C). Noticeably,
mass spectrometry (a mass coinciding with the calculated valbeyvever, the magnitude of the positive branch of the CD
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4 A Table 1. Estimation of the Secondary Structure Content (%)
s ] of Acetylated SynB3 and TKPPR Peptides®
0 — peptide HO H,O:TFE TFE
2 Ac-SynB3 _ Ac-SynB3
----- Ac-SynB3-TKPPR “helix 0 14 64
-4 —— Ac-TKPPR -sheet 19 16 6
6 disordered 65 44 8
Solvent: H,O turns 16 26 22
-8 T T R? 0.9909 0.9340 0.9660
4 Ac-TKPPR
e o2 ] B -helix 8 14 18
—.; o ] /1% -sheet 0 0 0
5 _-’-\_ disordered 78 73 64
2 2 - N\, turns 14 13 18
8 4] R? 0.9906 0.9946 0.9960
g Ac-SynB3-TKPPR
N Solvent: H,O:TFE (1:1 viv) -helix 0 10 48
8 -sheet 18 28 16
20 oot b disordered 72 55 26
15 turns 10 7 10
C R? 0.9940 0.9683 0.9780
10 8Far-UV CD spectroscopic data were analyzed by using the MS Excel
5 version of the PEPFIT program.
o 4\
5 ] . N\ LT component greatly increased in both SynB3 peptides albeit to
2020 Solvent: TFE a lesser extent for the hybrid sequence which exhibits a
-10 — signi cant (26%) unordered fraction even in 100% TFE.
190 200 210 220 230 240 250 260 Lysosomal Digestion Pro le of the Conjugates in Rat
A (nm) Liver Lysosomal Homogenate. If the conjugates getinto the

lysosomes, they can undergo hydrolysis at the lysosomal acidic
Figure 1. Far-UV CD spectra of SynB3 peptides and TKPPR measur Y go hycroly Y

in (A) deionized water, (B) water TFE 1:1 mixture, and (C) 100%PH (PH 4.5 5.0) and in the presence of hydrolytic enz{fmes.
TEE. To identify the smallest drug-containing metabolite, we

investigated the digestion peoof the conjugates in rat liver
lysosomal homogenate by LC-MS. Analyses (LC-MS chromato-
couplet at 193 nm lags behind that of Ac-SynB3 in both TFE argfam, mass spectra) of the degradation process are presented in
TFE H,O mixture which refers to the less prone helical foldingrigures S8514
of the tandem peptide. This conclusion is supported by the CD The detected main cleavage sites of the conjugates are
curves of Ac-TKPPR that exhibited minor variations only uposummarized irFigure A. As was observed in previous
the addition of TFERigure B,C). The amplitude of the main studies®’® the smallest, drug-containing metabolite is the
band at 203 nm reduced modestly, and a very weak positive peakne bonded drug molecule with the N-terminal amino acid of
developed below 190 nm together with a slight intatisn of the conjugates that are listedFigure B. No signicant
the n * signals above 215 nm. According to thesecleavage of the oxime bond and no free salicylanilide or Dau was
observations, the pentapeptide is highly resistant to the helobserved. The degradation of Sal3-Aoa-SynB3 was very fast, and
promoting eect of TFE that is related to the high abundance offter 4 h, the main metabolite was the smallest one, Sal3-Aoa-
the helix breaker proline residii§.Thus, its coupling to  Arg-OH. The degradation of Dau-Aoa-SynB3 was also quick
SynB3 does not improve but rather impairs the overall helicalth a similar pattern to Sal3-Aoa-SynB3. After 5 min, in both
propensity of the hybrid sequence. It is to be noted that theases, the main metabolite was released by the cleavage of the
experimental CD spectra of the tandem compound can b&Arg*Leu- bond (Sal3-Aoa-RR-OH and Dau-Aoa-RR-OH),
approximated as the arithmetic sums of scaled CD curveshoit interestingly in the case of Dau-Aoa-SynB3, the degradation
native SynB3 and TKPPR measured in the same solvent (dafaDau-Aoa-RR-OH into Dau-Aoa-Arg-OH was not complete
not shown). Therefore, it seems that the original structuraven after 24 h, as we couid both metabolites. However, it
properties of the covalently linked components in the hybridias observed that the -Arg-Leu- bond is a favorable cleavage site
peptide are not much altered and thus display additive C all SynB3-containing conjugates. For the enzyme-labile-
contributions. linker-containing conjugate, Sal3-Aoa-GFLG-SynB3, the pres-
The outcomes of the above qualitative evaluation were ance of the GFLG linker led to an increased degradation rate as
general agreement with the results of the deconvolution of thee observed in previous studiés.The smallest drug-
CD spectra into major structural componeraslé ). The containing metabolite already appeared after 5 min in a small
unordered fraction represents a prominent contribufr@n ( amount, and after 1 h, only this metabolite could be detected.
80%) for each peptide dissolved in water. Upon rising TFHowever, in the case of Dau-Aoa-GFLG-SynB3, Dau-Aoa-Gly-
concentrations, it progressively declines for Ac-SynB3 and tbel appeared later, after 1 h, in a small amount. The Dau-Aoa-
tandem derivative but hardly reduces in Ac-TKPPR. CorGF-OH was the main metabolite for 8 h, and it was still present
comitantly, at the expense of that content, thelical after 24 h in a small amount. In the case of Sal3-Aoa-TKPPR
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A ¢¢l¢¢¢ “ l“‘ B . sma"est,drug
Sal3:Aoa-RRLSYSRRRF-NH, 1Aoa-RRLSYSRRRF-NH, conjugate containing metabolites
Sal3-Aoa-SynB3 Dau-Aoa-SynB3
. Sal3-Aoa-SynB3 — Sal3-Aoa-Arg-OH
Wi W 'l-“i Wi 4 Sal3-A0a-GFLG-SynB3 — Sal3-Aoa-Gly-OH
Sal3:-Aoa-GFLG-RRLSYSRRRF-NH, Aoa-GFLG-RRLSYSRRRF-NH, Sal3-Aoa-T5* — Sal3-Aoa-Thr-OH
Sal3-Aoa-GFLG-SynB3 Dau-Aoa-GFLG-SynB3 Sal3-Aoa-GFLG-T5* —  Sal3-Aoa-Gly-OH
ééé‘ Sal3-Aoa-T5(4-dec)* — Sal3-Aoa-Thr-OH
Aoa-TKPPR-OH Sal3-Aoa-TKPPR* — Sal3-Aoa-Thr-OH
cleavage  —> 5min Dau-Aoa-TKPPR Dau-Aoa-SynB3 — Dau-Aoa-Arg-OH
sites after: ~» 1h ¢l¢¢ ¢ ‘ Dau-Aoa-GFLG-SynB3 ~ — Dau-Aoa-Gly-OH
—l: ;,4hh Aoa-RRLSYSRRRF-TKPPR-OH Dau-Aoa-TKPPR — Dau-Aoa-Thr-OH
== Dau-Aoa-SynB3-TKPPR Dau-Aoa-SynB3-TKPPR — Dau-Aoa-Arg-OH

Figure 2. (A) Main cleavage sites during the degradation process of new conjugates in rat liver lysosomal homogenate and (B) the smallest, dru
containing metabolites produced from the conjugatesilts are taken from &€J.

and Dau-Aoa-TKPPR, thest cleavage site after 5 min was the A
cleavage of th#ro®Arg- bond. The detected drug-Aoa-TKPP-
OH metabolites turned out to be highly stabile in rat liver-
lysosomal homogenate; these were the main metabolites afte2 & %
hin both cases. Sal3-Aoa-Thr-OH appeared after 1 h, while D& > 60
Aoa-Thr-OH only appeared after 24 h in a very small amour 40
and this might act the cytostatic activity of both TKPPR
conjugates. The Dau-Aoa-SynB3-TKPPR tandem conjugate |
the same degradation pattern as Dau-Aoa-SynB3; after 24 h,
released metabolites were Dau-Aoa-RR-OH and Dau-Aoa-A 100
OH. Overall, the type of the conjugated drug also played arole
the release of the smallest, drug-containing metabolites. T
resulting two amino acid-containing Dau-metabolites had § 3
slower degradation rate than the corresponding Sal3-metal £ 4o
lites. 20
In Vitro Cytostatic and Cytotoxic Activity. Determi-
nation of than vitro cytostatic (inhibition of cell growth and
multiplication) or cytotoxic (direct killingeet, direct decrease 2100 2100 100 939 >100 ~100 >100
in cell viability) eect of the compounds was carried out on
di erent cell cultures using MTT or SYBR-Green assay. TIE
U87 human glioblastoma cell line is a model cell for gliomas. g
compare the activity of the compounds, we also usedsmti
brain tumor model, the MDA-MB 435Br brain metastasis ce
line®° MDA-MB 435 was originally classias a breast cancer
cell liné®* but recent ndings point to a rather melanocytic
origin of this cell lin& In this study, we used a subcell line of
MDA-MB 435 that was established from a brain metastasis
nude mice. Human umbilical vein endothelial cells (HUVECs
were used to model tumor related vascular endothelial cells ¢
also healthy, nontumor cells to get insight into the selectivity u:
the compounds. Furthermore, the MonoMac6 human mongeigure 3. In vitro cytostatic activity of the representative compounds on
cytic cell line was used for modeling phagocytes that elimingtg U87 and (B) MDA-MB 435Br cell cultures and (C) cytotoxicity on
foreign substances such as conjugates from the blood. THIdVEC after 24 h treatment. Experiments were carried out in
HepG2 human hepatocellular carcinoma cell line representgduplicates; error bars represent standard deviation.
model to test hepatotoxicity. The cytostasis results on U87 and

MDA-MB 435Br and cytotoxicity results on HUVECs of(sal1, Sal2, niclosamide) that both in the salicylic acid ring and
selected compounds after 24 h of treatment are presentediffthe aniline ring contain halogen substituents are more potent
Figure Jfor statistical analysis, ségures S15 and §1The than Sal3 where halogen on the aniline ring was replaced by an
ICs values corresponding to all studied compounds on thgcetyl group’ During the longer, 24 h treatment, the,IC
aforementioned cell cultures, completed with the 3 h cytostatjglues of the salicylanilides decreased and even Sal3 had a high
e ect on U87 cells, the 3 and 24 h cytostatecteon cytostatic activity{gure 3. As expected, Dau had the lowest
MonoMacé, the 24 h cytostati@et on HepG2 cells, and the ICg,value in the case of all of the examined cell lines. However,
24 h cytotoxic eect on U87 cells, are summarizéichinie S2 under these experimental circumstances, TMZ wastivie

In the case of the U87 cells during a short, 3 h treatment, wobably due to its rapid decomposition under physiological
observed that free salicylanilides had high cytostatic activity witinditions® Most of the control peptides had no cytostatic
the exception of the conjugable SEi®Ie S Salicylanilides  activity on U87 cells, except for the SynB3 derivatives with the
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Figure 4. Comparison of the cellular uptake of the 5(6)-carbovgscein-labeled peptide derivatives on U87 cellranticoncentrations using
ow cytometry (3 h incubation time). (A) The ratio of livingrescence positive cells, (B) mean intracelidezscence intensity of living,
uorescence positive cells, and (C) quethtialue of the uptake rate ¢g©f the peptides. Experiments were carried out in duplicates; error bars
represent standard deviation.

decanoic acid side chain modtion showing moderate or slightly higher I§5 values (6.274.7 M) than the Dau-
cytostatic activity. These molecules containing a hydrophot8gnB3 conjugates. The Dau-Aoa-TKPPR conjugate was the
decanoyl side chain and a hydrophilic cationic peptide have laast eective among them with a moderatg i@lue. The
amphipathic characteristic; thus, probably they are more capafaledem conjugates (Dau-A®B3-T5, Dau-Aoa-SynB3-
of damaging the cell membrane and causing cell deafiKPPR) had cytostatic activity after 24 h and also after 3 h
Importantly, salicylanilide-SynB3 conjugates (Sal3-Aoa-SynBith IC;,values between thel@alues of Dau-Aoa-SynB3 and
and Sal3-Aoa-GFLG-SynB3) had cytostatic activity after 3 htime corresponding tuftsin conjugates (Dau-Aoa-T5, Dau-Aoa-
contrast with the free Sal3. After 24 h treatment, the conjugai&PPR). The TMZ-conjugates acted similarly as the free TMZ;
with the enzyme labile linker (Sal3-Aoa-GFLG-SynB3) hadtheir rapid decomposition resulted in no cytostaditt.eThe
similar IGyvalue to the free Sal3 (2&.1.4 Mvs 17.3 5.4 smallest metabolites of the salicylanilide conjugates produced
M, respectivelyrigure A). The Sal3-tuftsin conjugates were during lysosomal degradatibig(ire 2 had no activity on any
ine ective at the highest measured concentration with thef the studied cell cultures. In contrast, the metabolites of the
exception of the decanoyl-containing conjugate, Sal3-Aoa-T5R&u-conjugates showed cytostatic activity against U87 cells with
dec), which is in correlation with the lysosomal degradation atlde exception of Dau-Aoa-Thr-OH metabolitble SP
cellular uptake of these conjugale$he Dau-SynB3 The salicylanilides had outstanding activity on the MDA-MB
conjugates showed outstanding cytostatic activity against US5Br breast tumor brain metastasis cell line, and the conjugable
cells; however, thed(values did not decrease sicgmtly with Sal3 also had a high cytostatic activity after 24 h treatmgnt (IC
the longer treatment time g¢between 5.5 and 17.® after between 0.6 and 19.84, Figure B). The activity of the
24 h). The Dau-tuftsin conjugates were alsedtiee after 3h  conjugates showed a similar tendency as in the case of U87 cells
with the exception of the decanoyl-containing conjugate, whiteyt with higher Ig;values. The most active ones were the Dau-
after 24 h, they all showed cytostatic activity mostly with simil&oa-GFLG-SynB3 conjugate with the enzyme labile linker and
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Figure 5. Time dependence of the cellular internalization of cell-penetrating peptide Cf-SynB3, tuftsin derivative Cf-TKPPR, and their tanderr
conjugate Cf-SynB3-TKPPR. (A) Comparison of the ratio of theudieirgcence positive U87 cells and (B) meanescence intensity of living,
uorescence positive cells agdint incubation times at 2.

the Dau-Aoa-T5(4-dec) conjugate with the decanoyl side chait; erent compound concentrations, the cytotoxicity of the

both conjugates have amphipathic characteristics. compounds (I value) can be determined.
In the case of HUVECSs, Dau and most of the salicylanilidesThe surface-bound peptides were removed by treating the
had similar cytotoxic activity with lowg@alue (6.18.6 M, cells with trypsin for dérent incubation tim&$.This

Figure €). In contrast, Sal3, the control peptides, and the Sal®roteolytic step is used to detach adherent cells from the cell
and Dau-conjugates were not cytotoxic on HUVECs at theulture plate as well as to digest the cell surface proteins and
highest measured concentration; only Dau-Aoa-GFLG-SynB@face-bound peptides. To detach U87 cells from the wells, in
showed a slight cytotoxieet (Figure &€, Table Sp general, 3 min of trypsinization was used. Increasing the

Altogether, in the case of the Sal3-SynB3 conjugates andtadhtment time of trypsinization did not result in a sigmi
Dau-peptide conjugates, theiitro cytostatic and cytotoxic decrease inuorescence intensitifigure S194A In order to
activity against U87 and MDA-MB 435Br is preserved upodistinguish membrane-bound peptides from internalized ones,
conjugation to the peptides through an oxime bond, althoughypan blue was also used to quench the exteanatcence.
the I1G, values of the conjugates in most cases are higher th@rypan blue is impermeable for living cells and quenches the
the IG, values of the free drugs. However, this decrease @xtracellular greemnuorescence; therefore, only the internal
activity could be compensated by the possible selectivity angorescence can be deteéfddo signicant dierence was
reduction in toxic side ects provided by the conjugafiorii? observed after eliminating the cell-surface assosimtstent
If we compare the lack of cytotoxicity of the conjugates osignal Figure S19B)C These results obtained from longer
HUVECSs with the good cytostatic and cytotoxic activity on U8Trypsin treatments and trypan blue quenching indicate that the
and MDA-MB 435Br tumor cell lines, we can conclude that theajority of the peptides were internalized rather than associated
conjugates havrevitro selectivity toward the tumor cells. with the cell membrane.

Cellular Internalization of Fluorescently Labeled The uptake of all carrier peptides on U87 cells was compared,
Carrier Peptides. The pH dependence of theorescence and cells were treated with up to Mdconcentrations of the
intensity of 5(6)-carboxyorescein-labeled peptides and peptides for 3 h. Their uptake was concentration dependent, as
daunomycin-conjugates was studied in a pH range betwesa can see iRigure 4and with more details ingure S20At
4.0 and 7.6, representing the pH values efedit cellular  concentrations where nearly 100% of the cellsaescence
compartment$®°The results are presenteBimures S17 and  positive (all cells containorescent peptideigure A), we can
S18 The uorescence intensity of Cf-peptides showed ptsee the deerences in the corresponding measrescence
dependence, while Dau-conjugates showed nocaigni intensity Figure 8) and also in the determined 4J@alues
emission changes. In both cases, the SynB3 derivatives hd&igure €). The SynB3 derivatives had a sigmitly higher
slightly lower uorescence intensity than the tuftsin derivativesiptake rate than the uptake rate in the case of the tuftsin
and the intensities of the tandem derivatives were between therivatives. Thisding is in line with the secondary structure of
value of SynB3 and the value of tuftsin derivatives. the peptides, suggesting that upon contact with lipid membranes

Thein vitro cellular uptake of Cf-peptides was studied on th&ynB3 derivatives adopt amphipathic helices while tuftsin
U87 cell culture usingw cytometry. The cells were treated derivatives remain disordered. The decanoyl-containing SynB3
with the compounds, and after washing and trypsinization, tderivative (Cf-SynB3K(dec)) had an extremely high internal-
rate of uorescence positive, living cells (rate of living Cf+ celldxation rate, but it showed a cytotoxecewith an 1G,value of
and the intracellulatuorescence intensity of this population 41.9 M (Figure S20 All of the other carrier peptides showed
(mean uorescence intensity of living Cf+ cells) were measurat cytotoxicity at the highest concentration (8 Among
and are related to the cellular uptake rate. A cedhmtilue of  the tuftsin derivatives, the presence of the decanoyl side chain
the uptake rate, Ug(concentration of compounds where the (in Cf-T5(4-dec)) also enhanced the uptake rate but without
rate of uorescence positive cells reache& be drawn  causing cytotoxicity. Using the tuftsin derivative Cf-TKPPG-
from the ratio of uorescence positive cells atedint OT10 with the same net charge as the cell-penetrating peptide
concentrations. Furthermore, from the rate of all living cells &f-SynB3 (the net charge at neutral pH is +5 for both) did not
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Figure 6. Comparison of the cellular uptake of Dau-peptide conjugateMair2887 cells usingw cytometry (3 h incubation time). (A) The
ratio of living, uorescence positive cells, (B) mean intracellol@scence intensity of livinggrescence positive cells, and (C) quaahtialue of
the uptake rate (Ug) of the conjugates. Experiments were carried out in duplicates; error bars represent standard deviation.

result in a similar internalization rate, since Cf~-TKPPG-OT1highest, as expected. Interestingly, the ratio afdrescence
had as low of an uptake rate as most of the other tuftsipositive cells after the treatment with Dau-conjugates was lower
derivatives. The internalization peamf the tandem peptides than in the case of the treatment with the corresponding Cf-
(Cf-SynB3-T5, Cf-SynB3-TKPPR) was similar to Cf-SynB®eptides. The ratio ofiorescence positive cells reached nearly
The intracellularuorescence intensity of the cells treated with100% in the case of all Cf-peptides atNb@oncentration.
these three peptides was the highest in the case of the tanddowever, the ratio for most of the Dau-conjugates with tuftsin
Cf-SynB3-T5 at 25 and 581. According to the performed derivativesis below 100% at®( Figure S21This shows the
statistical analysis (KrusRafallis test with multiple compar- obvious fact that labeling molecules also have a role in the
isons), the uorescence intensity pi®of Cf-SynB3K(dec) is internalization processes and it can cause aaguli erence
signi cantly dierent from the prde of peptides Cf-T5, Cf- in the uptake of the same peptide derivative (Dau can also be
GFLG-T5, Cf-T5(4-dec), and Cf-TKPPR (for detail§, @gle considered as a labeling moleédlelpwever, mostly similar
S3. conclusions can be drawn if we compare theedi conjugates
We also studied the time dependence of the internalizatida each other: the uptake rates of Dau-SynB3-conjugates were
rate of the cell-penetrating peptide Cf-SynB3, tuftsin derivatigegni cantly higher than the uptake rates of most Dau-tuftsin-
Cf-TKPPR, and their tandem conjugate Cf-SynB3-TKPPR at 26njugates; the rate of the tandem conjugates resembled or was
M between 5 min and 3 Rigure ). In the case of Cf-SynB3, slightly lower than the rate of Dau-Aoa-SynB3. The SynB3-
the ratio of uorescence positive cells reached 100% very rapidlgnjugates with high amphipathic characteristics showed a
and after 5 min there was no sigait increase in the mean cytotoxic eect: hydrophobic-linker-containing Dau-Aoa-
intracellular uorescence intensity of the cells. Rapid cellulaBFLG-SynB3 and hydrophobic-decanoyl-containing Dau-Aoa-
uptake was observed also in the case of the tandem peptide inSlyaB3K(dec) had an {gvalue of 28.2 and 32.0M,
aspect of the percentageuadrescence positive cells; however,respectivelyHigure S21 The uptake of Dau-Aoa-SynB3K-
the intracellularuorescence intensity further increased with(dec) was not outstanding compared to the uptake of its Cf-
time. Even after 3 h, the internalization rate of the tandemnalogue (Cf-SynB3K(dec)). Interestingly, the uptake of the
peptide remained slightly below the rate of the parent Cf-SynBRcanoyl-containing tuftsin conjugate, Dau-Aoa-T5(4-dec), had
Peptide Cf-TKPPR demonstrated slower cellular uptake it toek similarly high internalization as the Dau-SynB3-conjugates.
3 h to reach 100% ofuorescence positive cells and the This salient uptake of Dau-Aoa-T5(4-dec) eécted in its high
correspondinguorescence intensity is much lower than thecytostatic activity on U87 cells. We also studied the uptake of the
intensity of the other two peptides. smallest, Dau-containing metabolites produced during lysoso-
Cellular Internalization of Dau-Peptide Conjugates. mal degradation to get a hint about their membrane crossing
Thein vitro cellular uptake of the Dau-peptide conjugates waability that can be sigeant in their transport across
also compared on the U87 cell culture usiwgytometry. The intracellular membranes (e.g., membranes of lysosomes and
cells were treated with the compounds for 3 h, and after washitgl nuclei). Dau-Aoa-Gly-OH showed the highest internal-
and trypsinization, the intracellulaorescence intensity of the ization rate among these metabolites. Tining is in
cells was measured. The uptake of the compounds wesrelation with its superior cytostatic activity after 3 h in U87
concentration dependent on U87 cells, as we carFggerén  cells among the Dau-metabolites. The uptake of Dau-Aoa-Thr-
S21 Results obtained at 2M conjugate concentration are OH was the lowest among the metabolites; this explains why it
shown inFigure 6 The internalization of the free Dau was theshowed no cytotoxic activity in U87 cells. Probably this
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metabolite cannot get stiently near its site of action when analysis but provide qualitative information about subcellular
released from its parent conjugate (Dau-Aoa-TKPPR). Moréscalization. Nuclear staining with Hoechst 33342 and lysosome
over, the very slow release of this metabolite from its parestaining with LysoTracker Deep Red (or LysoTracker Red
conjugate observed in rat liver lysosomal homogenate could d8¢D-99) was performed in order to get insight into a possible
be in correlation with the low antitumorcacy of Dau-Aoa- colocalization with nuclei and lysosomes. All of the experiments
TKPPR. were carried out with 30 and 90 min of incubation time, and no

Statistical analysis (KrusRaallis test with multiple signicant dierences were observed between theredit
comparisons) shows that both therescence intensity ple treatment periods. Here, only representative images after a 30
and percentage of Dau+ cells of Dau-treated cells anein treatment time are shown; images obtained after 90 min
signi cantly dierent from the prdes of the following incubation time can be found in ®epporting Information
conjugates: Dau-Aoa-T5, Dau-Aoa-GFLG-T5, Dau-AodFigures S24S26)
TKPPG-0OT10, Dau-Aoa-TKPPR, and Dau-Aoa-Arg-OH (for First, to rule outxation artifacts in the cellular distribution of
details, se€able S} CPPS? we compared confocal images of livexeFigure

We also compared the cellular uptake of Dau-Aoa-SynB24 and xed cells treated with Cf-peptidégiire §. After 30
Dau-Aoa-TKPPR, and their tandem conjugate Dau-Aoa-SynBdin of incubation with Cf-peptides at R6concentration, the
TKPPR on the MDA-MB 435Br brain metastasis cell lineJ87 cells were directly visualized by CLSM, or the cells were
(Figure 7andFigure S22 These cells internalize the SynB3- xed prior to visualization. We did not obsedtion artifacts;
distribution of the peptides showed mostly identical patterns in
A B both cases. Cf-SynB3 was located in the cytosol, in the nucleus,
and in small, cytosolic compartments (vesicles that could be
endosomes). A low lysosomal localization was also detected.
This suggests that the uptake of this CPP is complex; not only
does direct cell penetration play a role but also vesicular
transport can occtir.In the case of Cf-TKPPR, the peptide
showed predominant colocalization with lysosomes and no
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21 localization in the nucleus. This indicates that this tuftsin
20 1] " derivative mainly internalizes through a form of endocytosis, as
L expected. The Cf-SynB3-TKPPR tandem peptide could be
0- 0- . . .
Dau-conjugates Dau-conjugates detected both in the nucleus and in lysosomes; however, it could
also be observed in the cytosol and in the proximity of the cell
c Dau-conjugate UCaq (M) membrane. Pre_sumably, CfTSynBS-TKPPR fpllows ?he internal-
Dau 12 ization mechanisms of both its CPP partandits tuftsm.part, and
I Dau-Aca-SynB3 83 the endolysosomal pathway is more pronounced than in the case
I Dau-Aca-TKPPR >50 of Cf-SynB3.
Dau-Aoa-SynB3-TKPPR 8.0 Modi cation of peptides witlhuorophores could dirently

) . . . in uence the biological properties of the peptides such as uptake
Figure 7. Comparison of the cellular uptake of Dau-peptide conjugate . s otribg 1 89192
at 25 M on MDA-MB 4358r cells usingw cytometry (3 h and intracellular distributié®®“°?> Hence, Dau can be

incubation time). (A) The ratio of livingiorescence positive cells, (B) considered as alorophore; therefore, we also investigated
mean intracellulatiorescence intensity of livingorescence positive  the intracellular distribution of Dau-conjugates comparing them
cells, and (C) quantd value of the uptake rate @gJCof the with the corresponding Cf-peptides and Dau itself. U87 cells
conjugates. Experiments were carried out in duplicates; error bavere treated with Dau and Dau-conjugates & 25 30 min
represent standard deviation. and the cells werexed prior to visualizatiofrigure 9. As
expected, Dau was mainly localized in the nucleus. In the case of
conjugate and the tandem conjugate to a similar extent. Tiiee Dau-Aoa-SynB3 conjugate, the Dau signal was mainly in the
cellular uptake of the tuftsin conjugate Dau-Aoa-TKPPR is vemycleus and vesicular localization could also be observed; there
low (for statistical analysis, $able Sh was no signcant lysosomal localization. The Dau signal was
Selected Dau-conjugates were studied in HUVECSs that canainly in the lysosomes in the case of Dau-Aoa-TKPPR. In the
used for modeling tumor related vascular endothelial cells. gase of the tandem conjugate Dau-Aoa-SynB3-TKPPR, the Dau
can be seenffigure S2®au could enter these cells similarly assignal was in the nucleus and in lysosomes. These results showed
in the case of U87 cells with a very high uptake rate. Dau-SyniBat the localization patterns of corresponding Cf-peptides and
conjugates and tandem conjugates showed a superior uptBlai-conjugates are mostly identical. We can conclude that the
rate among the conjugates, and interestingly, the internalizatimympounds that contain the SynB3 motif can enter the cell
rate of the tandem conjugate Dau-Aoa-SynB3-TKPPR wascleus, proving that the conjugated Dau can reach its site of
higher than the rate of the Dau-Aoa-SynB3 conjugate (f@ction; however, conjugation with the peptides decreased the
statistical analysis, Sedle Sh nuclear localization of Dau, and this could explain the reduction
Intracellular Localization of Peptides and Conjugates. of the cytotoxic activity of the conjugates. The mairedice
Besides the quantitative analysis of the cellular uptake by between the Cf- and Dau-peptides was thatuthrescence
cytometry, the localization of peptides and conjugates was agggnal in nuclei was more prevalent in the case of Dau-Aoa-
studied in U87 cells by confocal laser scanning microscofynB3 and Dau-Aoa-SynB3-TKPPR than in the case of the
(CLSM). Di erent laser intensities were used in the case arresponding Cf-peptides (hamely, Cf-SynB3 and Cf-SynB3-
compounds with low or high internalization to improveTKPPR). This phenomenon can be explained by the fact that
visualization and optimize the image quality; therefore, tH2au tends to accumulate in cell nuclei; therefore, these Dau-
CLSM observations cannot be considered as quantitatigenjugates or their Dau-containing metabolites can enter cell
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control

Cf-TKPPR Cf-SynB3

Cf-SynB3-TKPPR

Figure 8. Localization of Cf-peptides in U87 cebke() by confocal microscopy. Cells were incubated with Cf-labeled peptides (§fe88, 25
min), lysosomes were stained with LysoTracker Deep Red (red), and nuclei were stained with Hoechst 33342 (blue). White arrows indicate examp
of nuclear or lysosomal colocalization; yellow arrows indicate vesicular localization. The scale bar n@presents 10

nuclei and it is preferable, since Dau is a DNA-damage-inducing he change of surface pressure) detected after 30 min of
agent. Taken together with the rapid production of Dauinteraction is plotted for the Dau-conjugdtesi(e 18). All of
containing lysosomal metabolites (Dau-Aoa-Arg-OH) frorthe conjugates showed a certain membranity presented by
these conjugates, presumably these observations contributé® signicant increase of the surface pressure of the lipid
their high cytostatic activity. In the case of Dau-Aoa-TKPPR, fiaonolayer following the appearance of the Dau-conjugate in the
signi cant accumulation of the Dau signal in the cell nucleus wadbphase. The degree of penetration was quite low for Dau-Aoa-
observed, neither after a longer, 90 min treatfignté S26 TKPPR while notably higher for conjugates containing the
After the treatment’ the Dau-Aoa-TKPPR Conjugate was StﬁynBS) sequence. Although all of the three COﬂjUgateS were
located in the lysosomes. The lysosomal degradation of thighly polar (see calculated LogR(re Spand net charges
conjugate was slower, and it required more time to release {g0!€ S), the main dierence which apparentlyuences
smallest Dau-containing metabolite. This andtlieg of its the w:)terac;uor;_wn_h the_BEPL_Igy(_er |;1the|rc_harq[e CharzaCSter. Tdh(;
; number of cationic amino acids in the conjugates is 2, 5, an
:;)fvrhlif tci)kr(:‘jurgget:. ould also be the reason for the Bigial for Dau-Aoa-TK_PPR, Dau-Aoa-SynB3, and Dau-Aqa-SynB3-
Penetration Ability of the Conjugates on Lipid TKPPR, resp_ectlvely. That order correspo_nds to the '”Cfeas.ed
Monolayer and Transwell Co-Culture with Noncontact interaction with the negatively charged lipid layer resulting in

HUVEC-U87 Monolayers as ex Vivo and in Vitro BBB enhanced membraneraty. The highest degree of penetration

Model. The monomolecular lipid membrane model was used t\évlas observed for Dau-Aoa-SynB3-TKPPR due to its strong

. . . L ctrostatic attraction with charged membrane components.
characterize the interactions between the lipid monolayers apﬁ g b

: e membrane aiity was investigated with lipid layers
the selected Dau-conjugates (Dau-Aoa-TKPPR, Dau-AGgsmpressed to 25 and also for 30 mN/m. As is expected, the

SynB3, and Dau-Aoa-SynB3-TKPPR). The membraitg &  yegree of penetration was usually higher into a less compressed
was investigated by using the Langmuir technique employ|(g5 mN/m) lipid layer and somewhat smaller due to steric
brain extract polar lipid (BEPL) in chloroform to form a reg50ns applying a more compressed layer (30 mN/m). A
monomolecular lipid layer to mimic the BBB lipid compositioneyerse relation was observed in our case for two conjugates,
(Figure 1B). Despite that DPPC and DOPC monolayers argyhich might support the importance of electrostatic interaction.
widely used as a simpti model of the mammalian cell |n the case of more compresded the charge density was also
membrane, the BEPL mixture was applied in the presepcreased facilitating the electrostatic attraction of Dau-
membrane anity measurements asamivo model. This can  conjugates. The higher membranaity of the SynB3-

be considered as a more realistic model to mimic theontaining Dau-conjugates observed in lipid monolayer experi-
composition of central nervous system barriers and neuromaénts is in harmony with their conformational change in
membranes:>* membrane mimetic solvent (i.e., increaskelix content)

=
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Dau-Aoa-TKPPR Dau-Aoa-SynB3

Dau-Aoa-SynB3-
TKPPR

Figure 9. Localization of Dau and Dau-conjugates in U87 c&lt}) by confocal microscopy. Cells were incubated with Dau or Dau-conjugates (red,
25 M, 30 min), lysosomes were stained with LysoTracker Deep Red (green), and nuclei were stained with Hoechst 33342 (blue). White arrowhea
indicate examples of nuclear or lysosomal colocalization; yellow arrowheads indicate vesicular localization. The scale lvar represents 10

determined by CD measuremenialle ). A similar 3D Tumor Spheroids as Platforms to Study the
correlation was found to be valid previously for structural aritenetration Pro le of Peptide Carriers. Two-dimensional
membrane interaction features of cationic tPPs. (2D) monolayer cultures are leading, well-established and

We studied the penetration ability of the conjugates oreproducible models to assayinovitro functional responses,
Transwell (TW) using co-cultured noncontact monolayers ditructure activity relations. However, cells grown in 2D form
HUVEC and U87 cells as a simiplétro BBB modelKigure lack ce]l cell and cellextracellular matrix i_nteractions. In
10C,D based on réf). Compounds (Dau and conjugates Dau- comparison with mo.nollayers, _three-dlmensmnal (3D) cultures
A0a-SynB3, Dau-Aoa-TKPPR, and Dau-Aoa-SynB3-TKPP&} more analogousitoivo environments. The 3D platforms
were added to the HUVEC-containing apical chambert 50 Can eliminate the speciesedences in contrast with animal
concentration, and after 45 min or 3 h of incubation, U87 celf@0dels. Other derences manifestin cell morphology @l
from the basolateral chamber were stainedxaddprior to ~ &"d 99r'1!3$‘a”.'x interactions, gene expression, aref-di
CLSM analysis. As control experiments, treatments without t guiatiorr. In vitro 3D cell cultures_ @r more accurate models
TW were also carried oufifure S27A)BThe same laser 0 mimic multicellular complexity, transport processes, and

intensities were used in all cases, and the Dau signal in U87 b Schemlcal factor gradients of solid tumere than cells in

. monolayers’
was compared based on ImageJ anéigsisx( S27Y-Dau and The poor penetration of drugs into tumor tissues could be
all three conjugates were able to cross the HUVEC monolaygLeyciated with low therapeuticcacy and recurrence of
and they were internalized into U87 cells. According to the Dalmors. In our approach, we used a simple, anchorage-
signal intensity, the internalization rates followed the sam¢jependent 3D culture foffia spheroid model for assaying
pattern as obtained in the cellular uptake studips€ 18 the drug-conjugates. The wark of the preparation, treat-

G); namely, Dau, Dau-Aoa-SynB3 and the tandem conjugatent, imaging, and analysis of 3D tumor spheroids can be seen
have a higher internalization rate (after crossing the membraperigure 11

and HUVEC barrier) than the tuftsin conjugate. Similar Penetration Pro le of Drug Conjugates in 3D Tumor
tendencies were observed after 3 h of incubation (data n8pheroids. We compared the penetration ability of Dau and
shown). three Dau-peptide conjugates, namely, Dau-Aoa-SynB3, Dau-
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Figure 10. The penetration ability of conjugates was assessed tensiometrically employing a Langmuir balance. (A) Schematic representation of |
drug penetration studies using a Langmuir monolayer. (B) The degree of penetjaifdhg selected Dau-conjugates into the BEPL monolayer

after 30 min of interaction. Error bars represent thdemmee intervals (95%) of the determined mean values calculated usirgt tsicfeoin

three parallel measuremenpts 0.05). (C) Schematic representation of the Transwell co-culture arrangement with noncontact monolayers as the
BBB model containing HUVEC and U87 cells. HUVECs were seeded on the apical side of the TW insert, and U87 cells were seeded on the basolat
chamber employing coverslips. (D) Microscopic images of the HUVEC monolayer on the TW membrane; nuclei were stained with Hoechst 3334
(blue), the cytoplasm of the cells was stained with CMFDA (green), and the scale bar repre&nS58M images of U87 cells fromirivéro

TW model, where Dau and Dau-conjugates (redyl5@5 min incubation) were added to the apical chamber. Nuclei of U87 cells from the
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Figure 10. continued

basolateral chamber on coverslips were stained with Hoechst 33342 (blue); zeltkameranalyzed by CLSM. The scale bar represeants 50

(F) Violin plots of intensity values derived from CLSM images of U87 cells frovitrth€ranswell model, where Dau or Dau-conjugates were

added to the apical chamber. The overlaid box-and-whisker plots show the median (horizontal line), the interquartile range (box), and minimum ar
maximum values (whiskers) of intensity according telthef view (every inner pixel). (G) The results of the statistical analysis of the mean
normalized intensity values of cell clusters treated with Dau or Dau-conjugates. Box-and-whisker plots show the median (horizontal line), ti
interquartile range (box), and minimum and maximum values (whiskers) of intensity values. Letters demonstrate the 'ssudtediirefey

all-pairwise comparisons based on the one-way AR@\38) = 134.6p < 0.001); dierent letters mean sigrant di erences at< 0.05.

Figure 11. Work ow of preparation, treatment, imaging, and analysis of 3D tumor spheroids. (A) Micromold used for casting of a 3D Petri dish
(microtissues), (B) 3D Petri dish in a 35 mm Petri dish, (C) addition of complete cell medium, (D) view of tumor spheroids in a 3D Petri dish, (E)
treatment, nucleus staining, and gation performed inside the 3D Petri dish, (F, G) side-view of a tumor spheroid with the position of the scanning
plane during CLSM imaging (section z5, corresponding to the z-section captufezhbéhe surface), (H) position of lines during line scan and
position of zones for zonal scan of section z5 of spheroids (two parallel spheroids, 8 lines and 3 zones each), (l) pebgtind@tan) mean

intensity (red line), and SEM (light-red error stripe) averaged from gray v&lEBy ¢016 parallel line scans and depth of scanning (black line)

along the normalized spheroid diameter, (J) penetratimipraonal scan; spheroids were separated into a peripheral (zone 1), intermediate (zone
2), and core zone (zone 3), and the relative normalized intensity was determined.

Aoa-TKPPR, and Dau-Aoa-SynB3-TKPPR. Spheroids formedection from the surface of a spheroid presented herais 50
from U87 glioma cells or MDA-MB 435Br were treated with th€z5). Deeper sections were also recorded; however, a z5 section
compounds for 3 h at 28/ concentration. Nuclear staining was chosen as a z-section where the conjugates are securely
with Hoechst 33342 was also applied. Fixed spheroids wefisible by the objective used during microscopic imaging. For
visualized by CLSM. A lower laser intensity was used in the céise comparison of sections z1 with line scan analysis, see

of Dau and higher but the same intensity in the case of the thregure S2However, at this depth (betweent)(z1) and 50
Dau-conjugates to improve visualization and to optimize them (z5)), we managed to observe theminces between the
image quality; therefore, the CLSM observations cannot Ipenetration ability of Dau and its conjugates. Two z-sections (z3
considered as quantitative analysis but provide qualitatiwéth depth of 30 m and z5 with depth of 5@n) of U87 and
information about the penetration ability. The U87 and MDA-MDA-MB 435Br spheroids are showrigure 12 andrigure

MB 435Br spheroids had an average diameter of 500 and 408\, respectively. Thest ve z-sections can be sedrdgure

nm, respectivelyrjgure S28 To compare the penetration S30for U87 spheroids and fingure S3for MDA-MB 435Br

pro le of the compounds, we have preformed line scan analysfgheroids. In both cases, we observed that the Dau and even the
and zonal scan analysis of the spheroids. Spheroids were scahtvethst 33342 nuclear stain could not successfully penetrate
in thez-direction with a step size of 10(z1 z7). The deepest into deeper layers; they were mostly localized at the spheroid

N https://dx.doi.org/10.1021/acs.jmedchem.0c01399
J. Med. ChenkXXX, XXX, XX¥XXX


https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01399?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01399?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01399?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01399?fig=fig11&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01399?ref=pdf

Journal of Medicinal Chemistry pubs.acs.org/jmc

Figure 12. (A) Representative confocal images of U87 spheroids after 3 h treatmentvida@25r Dau-peptide conjugates (red). Nuclei were

stained with Hoechst 33342 (blue). Z-stack images were obtained starting at the surface of the sphendidevithld @or a total of 5 into

the spheroid; the presented images are from the(28) and 50 m (z5) depths. The scale bar representsrB0B) Line scans of spheroids at 50
m (z5) depth; mean intensities are gray valu&sH) averaged from two parallel spheroidslg line scans), and error stripes correspond to

SEM.

surface. Toward the center of the spheroids, the Dau amohd this value showed a steeper decrease toward the spheroid
Hoechst 33342 signal was gradually decreasing. On the contraepnter. In the case of zonal scan analysis, the spheroids were
in the case of the Dau-conjugates, the Dau signal could Oided into dierent zones (periphery (zone 1), intermediate
observed closer to the center. Line scans of z5-section imafEme 2), core (zone 3)) using equal steps from the surface of
(Figure 1B andrigure 1B) also conrm these observations, as the spheroids. To have comparabteescent intensity values

we can see the drences between the steepness of the meaamong the treatments and zones, normalized gray value data
gray value lines. The mean gray value of the conjugates onisre standardized as the proportion of the mean normalized
slightly decreased toward the middle of the spheroids, while fiatensity in the peripheries (000%). The zonal penetration

Dau started with a high mean gray value at the spheroid surfago®, le comparing the relative normalized intensities also
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Figure 13. (A) Representative confocal images of MDA-MB 435Br spheroids after 3 h treatmeritMdgu2s Dau-peptide conjugates (red).
Nuclei were stained with Hoechst 33342 (blue). Z-stack images were obtained starting at the surface of the spheirtieirvats id) a total of
50 m into the spheroid; the presented images are from the(28) and 50 m (z5) depths. The scale bar representsr20(B) Line scans of
spheroids at 50m (z5) depth; mean intensities are gray valu@s{) averaged from two parallel sphernidd 6 line scans), and error stripes
correspond to SEM.

supports the derence between Dau and the Dau-conjugates CONCLUSIONS

(Figure 14f0r the statistical analySiS Combining the line anq:urrent Chemotherapeutics can be wae on g”oma cell
zonal scan data sets, Begire S32 and Table)SBased on  growth inhibition, but unfortunately, their cellular internal-
these results, we can conclude that all three conjugates havézafon rate and BBB penetration ability are limited. Finding new

improved penetration ability compared to the free Dau on bo,ﬂellvery_vemcl_es an_d strategies to increase drug internalization
in the glioma tissue is an urgent need. In this study, we focused

tYP‘?S of spheroids. Corljug-jation of D"’Tu to p(?ptide carriefs, establishing delivery peptides. Therefore, we designed and
Slgnlcantly enhanced the vitro penetratlon ablllty on the prepared new pept|de Conjugates emp|oy|m@edt anti-
spheroid model. glioma agents such as salicylanilides, Dau, and TMZ. As carrier
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Figure 14. Relative normalized intensity of spheroid zone 1, zone 2, and zone 3 displaying the penetration ability of the Dau and Dau-conjugates in (4
U87 spheroids and in (B) MDA-MB 435Br spheroids. Relative normalized intensities of spheroids were extngz®dlapsd, averaged from
two parallel spheroids £ 2); error stripes correspond to SEM.

peptides, derivatives of SynB3 cell-penetrating peptide with th& o elucidate the penetration ability of the conjugates

ability to cross the BBB were employed. Tuftsin derivatives wear®nolayer using Langmuir balance iandtro Transwell

also used as carriers with the aim of targeting the NRPrieasurements using co-cultured noncontact monolayers of

transport system to achieve selectivity and better tumd&tUVEC and U87 cells as a simple BBB model were performed.

penetration. Moreover, we combined the two types of carriefd| of the Dau-conjugates show membrangyeon the BEPL

to create SynB3-tuftsin tandem peptides to exploit thefhixture, and they are able to cross the HUVEC monolayer and

advantageous properties. enter U87 cells. Furthermore, using 3D spheroid cultures for
As our study demonstrated, the salicylanilide derivatives hagadeling solid tumonsvitro, we have demonstrated that Dau-

good cytostatic activity against U87 cells and the salicylanili§@njugates have beitevitro tumor penetration ability than the

SynB3 conjugates are also active against this cell culture. [fé_‘?ﬁ Dau itself. Th_ese exp_erlr_nental setups provided aremarkable

conjugates have superior antitumor activity to Sal3-conjugatis €rence of the internalization pattern between free Dau and

Interestingly, the CendR-motif-containing Dau-Aoa-TKPPR [dau-conjugates on ceII_ monolayers and_ th‘? spher0|d.model. To

the least eective among Dau-conjugates with moderat&ompare the penetration and internalization capacity of the

cytostatic activity. The activity of the tandem Dau-conjugatgg hjugates, we have employed CLSM line and zanal scans as

is good; it is between the activity of Dau-Aoa-SynB3 and i umeration f(.)r derences, but.we need to gmpha_sme that.
; ) . . .{Nese observations can be considered as qualitative information.
corresponding tuftsin conjugates. Importantly, in contrast wi

the free drugs, the Sal3- and Dau-conjugates proved to | aken together, using these peptides as carriersaagni

lective f I h h g improved penetration ability can be obtained. The applied cell
SHeU?;:éléi or tumor cells, as they show no cytoteatan monolayers, co-culture system, and tumor spheroids were

: - suitablein vitro models in order tond the most promising
We revealed further aspects regarding the str@tivéy  ¢ongrycts forin vivo studies. In conclusion, drug-peptide

relationship of the conjugates. The secondary structure, cellyghiygates presented here, in particular Dau-Aoa-SynB3-
uptake, intracellular localization, and release of the smalleskppR, are promising constructs toward the rational design
drug-containing metabolite also play an important role in thegt glioma targeting using tandem peptide based delivery vehicles
activity. Spectally, the internalization rate on 2D cell culturestg achieve better antitumoraency, cellular uptake, and, most

of SynB3 and tandem derivatives is outstanding antssiipi  importantly, a superior tumor penetration ability.

higher than the internalization rate of most tuftsin derivatives

that is in line with their ability of forming helices upon contact  £xpeRIMENTAL SECTION

with lipid membranes. The release of the smallest Dau-

; ) ; R Materials. Amino acid derivatives and resins were purchased from
metabolite from Dau-SynB3 conjugates or Dau ta”deﬁﬂs Biotech GmBH (Marktredwitz, Germany). Boc-aminooxyacetic

conjugate is fast; moreover, the conjugates or Dau-containifgy (Boc-Aoa-OH), 1-hydroxybenzotriazole hydrate (HIBL),
metabolites can be found in the nuclei, at the site of their actiofliisopropylcarbodiimide” (DIC), triisopropylsilane (TIS), phenol,
On the other hand, Dau-Aoa-TKPPR shows a low and slowioanisole, 1,2-ethanedih (EDT), piperidine, 1,8-
uptake rate, nuclear localization is not observed, and the relediseabicyclo[5.4.0]Jundec-7-ene (DBN)N-diisopropyN-ethyl-
of the Dau-metabolite is very slow which contributes to its low@mine (DIEA), benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
cytostatic activity. This conjugate shows lysosomal |Oca|iza;g%auorophosphate (PyBOP), acetic anhydridghacetic acid

|

. ) ] ) OH), 5(6)-carboxyuorescein (Cf), temozolomide (TMZ),
as a result of endocytosis. The Dau-Aoa-SynB3-TKPPR tandjy oroethanol (TFE), and acetonitrile were purchased from Sigma-

conjugate follows the internalization mechanisms of both ii§qrich (Budapest, Hungary). Troroacetic acid (TFA)N,N-
CPP part and its tuftsin part, since it can be observed in celimethylformamide (DMF), dichloromethane (DCM), methanol,
nuclei as well as in lysosomes. chloroform, and diethyl ether were purchased from VWR (Budapest,
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Hungary). Daunomycin hydrochloride was a gift from IVAX (BudaKNAUER 2501 HPLC system (H. Knauer, Bad Homburg, Germany)
pest, Hungary). All reagents and solvents were of analytical gradeusing a semipreparative Phenomenex Jupiter Proteo C12 column (10
highest available purity and were used without furthecgpion. mm, 90 A, 1& 250 mm) (Torrance, CA, USA). The applied rate
Dulbeccts Modi ed Eagle Medium (DMEM) was from Lonza (Basel, was 4 mL/min at ambient temperature, and the peaks were detected at
Switzerland), and RPMI-1640 medium, fetal bovine serum (FBS}20 nm. Gradient elution was used with the following eluents: 0.1%
Mowiol 4-88, trypan blue, and trypsin were obtained from Sigma+FA/water v/v (eluent A), 0.1% TFA/acetonitrileater 80:20 v/v
Aldrich. HPMI buer (9 mM glucose, 10 mM NaHGA19 mM (eluent B). Analytical RP-HPLC was performed on an Exformma
NaCl, 9 mM HEPES, 5 mM KClI, 0.85 mM MgCl053 mM Cagl5 HPLC system (EX1600 Wufeng Scientnstruments, Sanghai,
mM NaHPO,-2H,0, pH 7.4) was prepared in-house using China) using a Waters Symmetry C18 columm(3L00 A, 4.6 mm
components obtained from Sigma-Aldrich. x 150 mm) with the following gradient:3min 0% B, 515 min 0
Synthetic Procedure. Synthesis and characterization of salicyla-60% B, 1525 min 60 100% B, 2529 min 100%. Theow rate was 1
nilides (Sall, Sal2, Sal3) is presented BO@f€l63. Temozolomide- mL/min at ambient temperature, and the peaks were detected at 220
carboxylic acid was prepared following a previously describadh. All puried compounds demonstrated a single peak on analytical
proceduré®’* RP-HPLC (purity is >95%).
Peptides were synthesized manually on the solid phase (Fmoc-RinElectrospray lonization Mass Spectrometry (ESI-MS). Meas-
Amide MBHA resin for peptides with C-terminal in amide form andured monoisotopic or average molecular mass was acquired by a Bruker
Wang resin for peptides with C-terminal in carboxyl form) using thEsquire 3000+ electrospray ionization (ESI) ion trap mass
FmoctBu strategy with DIC/HOBt coupling reagents, as describedpectrometer (Bremen, Germany) operating in continuous sample
previously® Acetylated derivatives were produced by acetylation of thigjection mode at 10L/min ow rate. Samples were dissolved in
N-terminal using acetic anhydride/DIEA/DMF (1:1:2 v/v, 60 min). acetonitrilewater (50:50, v/v), containing 0.1% acetic acid. Dau-
Fluorescently labeled derivatives were prepared with the use of 5(6pnjugate-containing samples were dissolved in 50 mp®AIH
carboxyuorescein (Cf) with the DIC/HOBt coupling method. In the bu er (pH 6.7) acetonitrile (50:50, v/v). Mass spectra were recorded
case of decanoyl-containing peptides, in the required position, lysingositive ion mode in the 50500m/ z range.
was built in as an Fmoc-Lys(Dde)-OH protected form. Aftendhe Circular Dichroism (CD) Spectroscopy and Secondary
Fmoc-deprotection, Boc-Aoa-OH or Cf was coupled to the N-termin&kructure Analysis. Peptide samples were dissolved in deionized
of the peptides (DIC/HOBt coupling method) or the N-terminal was water and in TFE at 1270 M concentrations. Far-UV CD curves
acetylated. After the derivatization of the N-terminal, the Ddavere takenonaJASCO J-715 spectropolarimeter@@28ina0.1
protecting group was selectively removed with 2% hydrazine hydrate path-length rectangular quartz cuvette (Hellma, USA). Temper-
in DMF (v/v) (6 x 2 min); then, decanoic acid was reacted with theature control was provided by a Peltier thermostat. The CD data were
free -amino group of the Lys residue in the presence of DIC/HOBtmonitored in continuous scanning mode between 185 and 260 nm at a
coupling reagents. In the case of the decanoyl-containing peptide trate of 50 nm/min, with a step size of 0.1 nm, response time of 2 s, eight
has free amino group at the N-terminal (H-SynB3K(dec)), the Ddeiccumulations, and a 2 nm bandwidth. The CD curves were corrected
protecting group was removed and decanoic acid was coupled befayebackground contribution of the blank solvent. CD values were
the removal of thenal N-terminal Fmoc-protecting group. Peptides plotted in mean residue molar CD unitg(esidue) calculated by the
without Arg were cleaved from the resin with THEG/MHIS following equation: = /(32.9&l), where is the measured
(95:2.5:2.5 viv) mixture (2.5 h, RT). Afteltration, compounds ellipticity (deg) as a function of wavelength (nimthe mean residue
were precipitated in cold diethyl ether, centrifuged (4000 rpm, 5 minjnolar concentration, ahis the optical path length (cm).
and freeze-dried from water. Arg-containing peptides were cleaved fronihe contribution of the dérent conformational elements was
the resin with TFA/thioanisole/®/EDT/phenol (82.5:5:5:2.5:5v/  estimated from the CD spectra by using the MS Excel version of the
viviviw) mixture (2.5 h, RT). In the case of SynB3 derivativesar PEPFIT program developed originally by Reed and*R¥ethe
six Arg in the sequence) during cleavage, the cleavage product ofatgorithm calculates the percentage of secondary contesits, (-
Arg side chain protecting group (Pbf) was precipitated. Thereforeheet, disordered, and various turn typedfibyg experimental CD
diethyl ether was added to the reaction mixture to dissolve thdata to the combination of reference spectra. The tsedé ned by
precipitated side chain cleavage product and to precipitate the peptitheR? value, wherR? = 1 corresponds to a perfect match.
This mixture was centrifuged (4000 rpm, 5 min), and the peptide was Lysosomal Digestion Pro le of Conjugates in Rat Liver
dissolved in 10% AcOH in water (vMjered o from the resin, and ~ Lysosomal Homogenate and LC-MS Analysis. The rat liver
freeze-dried from 10% AcOH in water (v/v). The (aminooxy)acetyllysosomal homogenate was prepared as described pfévibesly.
amino acid derivatives (Aoa-Arg-OH, Aoa-Gly-OH, Aoa-Thr-OH)degradation of the conjugates inthe ratliver lysosomal homogenate was
were synthesized by solid-phase peptide synthesis on Wang rélitermined as follows: 90 of 50 M (50 pmolL/ L) conjugate
manually using the Fm&BL strategy as described previglisly. solutions was prepared with 0.2 M sodium acetate ptl 5.0, and
Sal3 and Dau were conjugated to the (aminooxy)acetylated peptidgg appropriate amount of lysosomal homogenate was added to them to
or amino acids through an oxime b&@tude Aoa-peptides and Aoa- get the conjugates:lysosomal homogenate ratio = 1:1, w/w. The
amino acid derivatives were used for conjugation withoaapari. reaction mixtures were incubated &C3and aliquots of 13 were
The oxime bond formation was carried out under acidic conditions (pkaken after 5 min, 1 h, 2 h, 4 h, 8 h, and 24 h. The reactions were
4.5) in a mixture of 0.2 M sodium acetateband 2-methoxyethanol ~quenched by adding 2. of acetic acid and followed by LC-MS
for Sal3 conjugation, at a peptide concentratiorl6ffag/mL. Sal3 analysis. Control experiments were performed with solutions of
was used in 10% molar excess as compared to the Aoa-peptides. lit€mgugates in 0.2 M sodium acetateeupH 5.0, with 50 M
case of Dau-conjugates, oxime bond formation was carried out in 0.Z@hjugate concentration. Lysosomal homogenate control in 0.2 M
ammonium acetate kr (pH 5.0) with a 10% molar excess of Dau. sodium acetate ber, pH 5.0, without conjugate was also prepared.
The reaction mixtures were stirred faf8h at room temperature and  Both solutions were incubated atG7or 24 h and also analyzed by
monitored by analytical RP-HPLC. LC-MS. LC-MS analyses were performed on a Q Exactive Focus, high
TMZ conjugates were synthesized on the solid phase. Temozolésolution and high mass accuracy, hybrid quadrupole-orbitrap mass
mide-carboxylic acid (TMZA) was coupled to the free N-terminal ospectrometer (Thermo Fisher ScientBremen, Germany) using
the peptides (SynB3 and GFLG-SynB3) on the resin forming amid#line UHPLC coupling. Separation was performed on a Dionex 3000
bond. Four equivalents (calculated to the resin capacity) of TMZAJHPLC system using a Supelco 581302-U Ascentis C18 column (2.1
PyBOP, and DIEA dissolved in DMF was used for coupling for 4 h satmx 150 mm, 3m, 100 A). Linear gradient elution @min 2% B,
RT. The coupling reaction was \atti by ninhydrin test, and the 2 26 min 2 90% B, 2627 min 90 100% B) with eluent A (0.1%
conjugates were cleaved from the resin as described above. HCOOH in water, v/v) and eluent B (0.1% HCOOH in acetonitrile
Reverse-Phase High-Performance Liquid Chromatography water, 80:20, v/v) was used abwa rate of 0.2 mL/min at £C. High
(RP-HPLC). The crude peptides and conjugates wereeduon a resolution mass spectra were acquired in thé@00n/ z range. LC-
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MS data were analyzed by Xcalibur software (Thermo Fishercycientiwas determined by morphological aratescent analysis of the cells
and with OriginPro 2018 (OriginLab Corporation, Northampton, MA,using CellPrder software.
USA). Cellular Uptake Studies. Cellular uptake ofuorescent com-

Cell Cultures. The following cell cultures were used for the pounds was determined lmyv cytometry on U87, MDA-MB 435Br,
cytostasis and cytotoxicity studies: U87 (ATCC HTB-14), MDA-MBand HUVEC cell cultures. U87 and MDA-MB 435Br cells were
435Br (obtained from Janet E. Pri@¢JUVEC (isolated at the 3rd  harvested in the logarithmic phase of growth and plated on a 24-well
Department of Medicine Research Laboratory, Semmelweis Univerdisgue culture plate Cléells/1 mL of medium/well) 24 h prior to the
Budapest, Hungary), MonoMac6 (DSMZ no.: ACC 124), and HepG2xperiment. HUVEC was plated on 0.5% gelatin/PBS (v/v) pretreated
(ATCC HB-8065). U87 and MDA-MB 435Br were maintained in 24-well plates 1 day before the experiment in MBCD medium to reach
DMEM medium (Lonza) supplemented with 10% FBS (Gibco,con uence. After 24 h of incubation atG7U87, MDA-MB 435Br, or
Thermo Fisher Scienti Waltham, MA, USA) and with 2 mM HUVEC cells were treated with the compounds dissolved in &00
glutamine (Lonza), 1% nonessential amino acids (Gibco), 1 mNerum free medium at the (6D M concentration range and
sodium pyruvate (Sigma-Aldrich), 1% penicillin-streptomycin (frorfpcubated for 3 h (3T, 5% CQ). In the case of the time dependence
10,000 units of penicillin and 10 mg of streptomycin/mL, Gibco)Study, U87 cells were incubated for 5 min, 15 min, 30 min, 1 h, 1.5 h,
MonoMac6 and HepG2 were maintained in RPMI-1640 mediun@nd 3 h. Control cells were treated with serum free medium only. After
(Lonza) containing 10% FBS supplemented with 2-gittamine incubation, cells_ were centrifuged (1000 rpm, 5 min) and washed with
and 160 g/mL gentamicin (for MonoMac6), or 1% penicillin- Serum free medium, the supernatant was removed, ahdfl@25%
streptomycin (for HepG2). HUVEC was maintained in MCDB trypsin was added to the cells. After 3 min of incubation°@, 37
medium (90% MCDB-131 (Gibco), 5% FBS, 1% penicillin-Irypsin was inactivated by 8@0of HPMI medium containing 10%
streptomycin solution (from 10,000 units of penicillin and 10 mg of BS, and the cells were transferred from the plate to the tubes. Cells
streptomycin/mL, Sigma-Aldrich), 1% Chemicallynd Lipid were centrifuged (1000 rpm, 5 min), and the supernatant was removed.
Concentrate from Gibco, 1% HEPES,-ftatamine solution (from  After this procedure, cells were resuspended i 80®1PMI, and
CTS GlutaMAX-I Supplement, Gibco), 1 ng/mL FGF-Basic (Sigmat-he" intracellularuorescence intensity was measured on a BD LSR |1
Aldrich), 0.3% ITS (insulin-transferrin-selenium, Gibco), 2 ng/mL, ow cytometer (BD Biosciences, San Jose, CA, USA) using a 488 nm
EGF-2 (GibCO), 7.5 U/mL heparin (Slgma-AIdrlch),gﬁﬂL L- aser (Coherent Sapphlre, 22 mW) with an FITC channel for Cf-

; ; ; ; ; tides (emission at 505 nm) and PE channel for Dau-conjugates
ascorbic acid (Sigma-Aldrich), 250 nM hydrocortisone). NoPEPUde ; :
mycoplasma contamination was detected in the cell cultures. (emission at 550 nm). Data were analyzed with FACSDiva 5.0 software

Determination of in Vitro Cytostatic and Cytotoxic Activity. (BD Biosciences, San Jose, CA, USA). All experiments were performed

u87, MDA-MB 435Br, MonoMac6, and HepG2 were plated on 96-Weilrl duplicates. The 50% uptake concentrationg(U@lues were

plates 1 day before the treatment (5000 cellsf160medium/well etermined from the curves of the dose rataavéscence positive
for cytostasis and 10,000 cells/106f medium/well for cytotoxicity cells. The Ig values were determined from the curves of the dose rate

studies). After 24 h of incubation af@7 cells were treated with the of all living cells (includingiorescent positive and negative cells). The

compounds dissolved in serum free medjyed= 1.0% v/v) at 1.3 curves were daed using OriginPro 2018 software.

. ; Confocal Microscopy Imaging. Intracellular localization was
x 10 3t0 100 M concentration range and incubated for 3or 24 h (37 . 7~ .
°C, 5% CQ). Control cells were treated with serum free medium onl yisualized by confocal microscopy. U8Y cells were seeded (75,000 cells/

. y e : — 100 well) in complete DMEM cell culture medium 1 day prior to treatment
or with D.MSO containing serum free medmms_() 1.0% viv). .on cover glasses (Assistent, Karl Hecht GmbH & Co KG, Sondheim/
After the incubation, cells were washed twice with serum free mediygy - Germany) and inserted in 24-well plates (Sarstedhrbicht
(centrifugation: 1000 rpm, 5 min). To determinénthiéro Cytostatic o manvy | ysosomes were stained with LysoTracker Deep Red
e ects, cells were cultured for a further 72 h in serum-containi vitrogen, Carlsbad, CA, USA) for 30 min (300 nM) in incomplete
medium and then the MTT assay was carried out. In the case | S

L ; . ) MEM, followed by incubation with 281 Cf-labeled peptides or
cytotoxicity studies, the MTT assay was performed immediately afi§g,, i gates for 30 or 90 min. Subsequently, cell nuclei were stained

the washing step. Cell viability was determined with (4,5-dimethyltiih, Hoechst 33342 solution (Thermo Fisher Sai

. ! . . cigtfaltham, MA,
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. A 45 ;ga) for 10 min (0.2 M). Aftt(ar each step, cells were washed three
portion of MTT solution (2 mg’”.‘L) was adqed to gach We?( times with PBS. Cells weked with 4% paraformaldehyde for 15 min
concentration 367y/mL), and during 3.5 h of incubation (&7, 5% (37°¢) and mounted on microscopy slides with Mowiol 4-88. For live
CO,), purple formazan crystals were formed by mitochondriale|| imaging, U87 cells were seeded (45,000 cells/well) in complete
dehydrogenase_enzyme present in the living cells. After incubatigfpqem cell culture medium 1 day prior to treatmentStide eight-

cells were centrifuged for 5 min at 2000 rpm and the supernatant Was|| ipiTreat chambers (Ibidi GmbH, @iang, Germany).
remove_d. The o_btalned formazan crystals were dlss_olved inDMSO, aidgsomes were stained with LysoTracker Red DND-99 (Invitrogen,
the optical density (OD) of the samples was determined at 540 and 623 ishad, CA, USA) for 30 min (300 nM) in incomplete DMEM,
nm using an ELISA Reader (Labsystems iEMS reader, Helsinfdjiowed by incubation with 281 Cf-labeled peptides for 30 or 90

Finland). The OBy, values were subtracted from thefo@alues.  min. Subsequently, cell nuclei were stained with Hoechst 33342
The percentage of cytostasis or cytotoxicity was calculated using gaution (0.2 M) for 10 min. After each step, cells were washed three
following equation: cytostatic or cytotoxiece (%) = 100x [1 times with PBS. Imaging was performed on a Zeiss LSM 710 system

(ODrrearedOD control]; Where OQyegreg@nd OQgnyoiCOrrespond to the  (Carl Zeiss Microscopy GmbH, Jena, Germany) withx aoilO
optical densities of treated and control cells, respectively. In each cagenersion objective (40L.4 oil DIC M27). The following wave-
two independent experiments were carried out with four parall@dngths were used for excitation amtescence emission detection:
measurements. The 50% inhibitory concentratig) ¥ues were  for Cf-peptides excitation at 488 nm, detection between 501 and 550
determined from the dosesponse curves. The curves wereede  nm; for Dau-conjugates excitation at 458 nm, detection between 541
using OriginPro 2018 software. and 590 nm; for LysoTracker Deep Red excitation at 633 nm, detection
HUVEC was plated on 0.5% gelatin/PBS (v/v) pretreated 96-welbetween 643 and 797 nm; for LysoTracker Red DND-99 excitation at
plates 1 day before the experiment in MBCD medium. After 24 h @43 nm, detection between 560 and 797 nm; for Hoechst 33342
incubation at 37C, the conuent cells were treated with the excitation at 405 nm, detection between 410 and 587 rererii
compounds for 24 h at 3700 M concentration range. After the laser intensities were used in the case of compounds with low or high
incubation, cells were washed with PBS to remove nonadherent cgiternalization to improve visualization and optimize the image quality;
and then xed with ice cold methanol/acetone (1:1, v/v) for 5 min and therefore, the CLSM observations cannot be considered as quantitative
the cell nuclei were stained with SYBR-Green | (Sigma) for 15 minalysis but provide qualitative information about subcellular local-
followed by washing with PBS. In each case, two independemttion. Images were processed with ZEN 3.0 blue lite software (Carl
experiments were carried out with three parallel measuremgnts. 1Zeiss Microscopy GmbH).
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Membrane A nity Measurements on Lipid Monolayer as ex microscopy (Zeiss LSM 710). As controls, U87 cells were treated
vivo BBB Model. The membrane anity experiments were performed without the presence of the TW inserts. The same wavelengths were
with a KSV MiniMicro (Finland) instrument at room temperature. Theused for excitation andorescence emission detection for Dau signall
trough was equipped with two polyoxymethylene (POM) barriers whilend Hoechst 33342 as described above. Laser intensity values were
surface pressure was recorded tensiometrically: GMthmN/m identical. Images were processed with ZEN 3.0 blue lite software. Cell
accuracy employing previously clealtetpapers (Whatman Chrl)  groups were selected on the Dau (red) channel (seven groups in the
as Wilhelmy plates. DCM and methanol were used for the cleaninggfse of Dau, 140 groups in the case of conjugates) with at least 3
the trough and barriers, respectively, before each measurement. Dogbli/group. Selection was carried out manually in NIH ImageJ software
distilled water used as a subphase was checked by its conductivity lfgSed on the occurrence of cell nuclei (blue channel). Histograms and
mS) and surface tension (>72.0 mN/m at ZB5°C) values. Brain  intensity values were obtained, and background corrected normalized
extract polar lipid (BEPL, Avanti Polar Lipids Inc., USA) was applied iruorescence intensities (CNF) were calculated as follows: CNF = (ID
chloroform to form a monomolecular lipid layer on the double distilled (A x MFB))/ A, where ID is the integrated dengifig,the area, and
water subphase in the Langmuir through to mimic the BBB lipidlFB is the meanuorescence of the background. The obtained
composition. The phospholipid composition (w/w%) of BEPL giverintensity in gray values corresponds to the intensity of a given pixel on a
by the supplier is 12.6 phosphatidylcholine, 33.1 phosphatidyletharedale of 0255. For visualization of histograms and normalized
amine, 4.1 phosphatidylinositol, 18.5 phosphatidylserine, and GBensitiesiviolin plots were usetf*
phosphatidic acid, whereas the other 30.9% are unknown. That meani# Vitro 3D Spheroid Formation and Confocal Microscopy of
that the BEPL monolayer contains a signt amount (at least 23 wt  Spheroids. Molten agarose (2%, w/v in PBS) was pipetted into a
%) of negatively charged lipid components. BEPL was dissolvedsiticon micromold 3D Petri dish (microtissues, Sigma-Aldrich, St.
chloroform to a concentration of 0.2 mg/mL. After spreadinglof 50 Louis, MO, USA, size L 57 array, microwell diameter: 800).
lipid solution, the system was left for 10 min to allow the evaporation éfter the agarose was gelled, the agarose microwell dish was transferred
the chloroform before the mpression. Surface pressarea into a cell culture dish (polystyrene Petri disk, BBmm, Sarstedt)
isotherms were recorded two times before each penetration measuaed it was equilibrated with serum free DMEM cell culture medium (2
ment. Compressing the lipid layer to the target pressure (25 or 30 mM, 37°C). Cells were seeded into the agarose microwell dish, &nd 13
m) following a 5 min relaxation time, the aqueous solution of the Dawf cell suspension (10,000 cellséf complete DMEM) was used to
peptide conjugate (concentration of 58) was injected under the Il the microwells under a stereo microscope (YJ-T3C, Ningbo Tianyu
lipid monolayer to reach a B nal concentration in the subphase. Optoelectronic Technology Co., Ltd., Beilun, Ningbo, China); this
The changes of the surface pressure as a function of time were recomlay, approximately 3500 cells were transferred in one well. Seeded cells
for 30 min to detect the interaction/penetration of the Dau-peptidevere incubated in 2 mL of complete DMEM for 36 R(3%3% CQ),
with/into the lipid layer. Three penetration measurements werwhile cell-to-cell adhesion drove the aggregation and formation of

performed in every case. spheroids. To monitor the spheroids, brightimages were captured
Penetration Ability Determination on TW Co-Culture with using an Olympus CX41 microscope (Olympus Corporation,
Noncontact HUVEC-U87 Monolayers as in Vitro BBB Model. TW Hamburg, Germany). After 36 h of incubation, spheroids were washed

system was tested in a number of preliminary experiments in orderttgo times with fresh serum free DMEM and they were treated in the
optimize seeding procedure, pore size, and coating/non-coating faicrowells with the compounds at 5 concentration in 2 mL of
HUVECS. Cells, HUVEC and U87, were cultured and maintained agrum free DMEM for 3 h (3T, 5% CQ). After this, spheroids were
described in th€ell Culturegart of the Experimental Section. For washed two times with serum free DMEM and two times with PBS to
barrier seeding, 24-well TW plates of thdpore size were used remove the compounds that were not internalized. Nuclei were stained
(Corning, United Kingdom). Prior to use, TWs were soaked with PB&ith Hoechst 33342 solution (0M) for 30 min. Spheroids weped

(growth area 0.385 émOn day one, the apical side of the TW inserts with 4% paraformaldehyde for 15 min {8]. After each step,

was coated with 0.5% gelatin/PBS (v/v) and incubated for 30 min (38pheroids were washed three times with PBS and then harvested and
°C, 5% CQ). After incubation, gelatin solution was removed by carefutansferred from the agarose microwells irBtide eight-well
aspiration and 150 of HUVEC suspension in complete MBCD uncoated chambers (Ibidi). Imaging was performed on a Zeiss LSM
medium ((3.0 6.0)x 1¢ cells) was pipetted onto the coated surface 0f710 system with a 20dry objective (1%/0.45 M27). The same

the TW chamber and 500 MBCD medium added to the basolateral excitation and emission wavelengths were used as those for the 2D
side. After the cells were cultured &€3ér 5 6 h, the apical medium  confocal microscopy imaging.€bént laser intensities were used in

was removed and replaced with fresh MBCD medium in order to avaide case of Dau and the Dau-conjugates to improve visualization and to
nonattached cells. Medium was changed also on day two, and HUVEgpsimize the image quality; therefore, the CLSM observations cannot
were grown up to conence (which was checked prior to and after thebe considered as quantitative analysis but provide qualitative
experiments). At conence, the endothelial cell monolayers wereinformation about the penetration ability. Z-Stack images were
labeled with CellTracker Green (CMFDA (5-chlorometbsgscein obtained by scanning the spheroids from the bottom of the spheroid
diacetate) dye, Invitrogen, C2925); for this purpose, CMFDA was usedth a 10 m distance between each scanning plane. Images were
as 10 M solution in serum free MBCD medium. After 30 min of processed with ZEN 3.0 blue lite software. Line scan and zonal scan
incubation, the cells were washed with serum free MBCD. Cell nucleiafalysis of section z5 with a depth ofrBQvas performed by NIH
HUVEC monolayers were stained with Hoechst 33342 solution amageJ software; for each sample, two parallel spheroids were analyzed
described earlier. To capture the HUVEC layer, a ZEISS Axio Obserg@line scans/spheroits= 16 in total, three zones (periphery - zone 1,
Inverse Imaging Platform (ZEISS) was used (equipped with Led3 4Tttermediate - zone 2, core - zone 3) per spherofilin total). Both

blue, Led4 555 greeriter set: 25HE). On day three, medium was analyses were carried out using grayscale images; a gray value
changed before the Dau-conjugate treatment, as starvatioeainay acorresponds to the intensity of a given pixel on a scale of 0 to 255.
protein expression in the endothelial cell monolayer. U87 cells (100 average the intensity values from line scans of spheroid sections of
cells/well in complete DMEM) were seeded on day three prior tcslightly dierent size and shape, all line scan lengths were normalized to
treatment on cover glasses (Assistent) inserted in the basolatetalielding normalized diameter. Calculation of average and SEM of
chambers of 24-well plates. Conjugates (Dau-Aoa-TKPPR, Dau-Anailtiple curves was carried out using OriginPro 2018 software. In the
SynB3, and Dau-Aoa-SynB3-TKPPR) were added to the HUVE@ase of zonal scans, spheroids were selected manually in ImageJ.
containing apical side at 580 concentration, and the system was Selection were scaled to obtain zones, and the scale factors are as
incubated for 45 min or 3 h (3C, 5% CQ). After incubation, the TW  follows: 1 for zone 1, 0.67 for zone 2, and 0.33 for zone 3. Intensity
chamber was removed. Cell nuclei of U87 cells forming the basolatesallues were obtained by ImageJ, and background corrected normalized
chamber were stained with Hoechst 33342; cells xeeravith 4% uorescence intensities (CNF) were calculated as follows: CNF = (ID
paraformaldehyde and mounted on microscopy slides with Mowiol 4-(A x MFB))/ A, where ID is the integrated dengitig,the area, and

88 as described above. Fixed U87 cells were studied using confddBB is the meanuorescence of the background. The normalized
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intensities were standardized as the proportion of the mean intensity inBence Ko&cs Centre for Ecological Research, Institute of
the peripheries (QL00%) and plotted using OriginPro 2018. For Ecology and Botany, H-2163 Vécratdt, Hungary

statistical analysis, Segure S32 and Table.S7 _ Lilla Horéth  E6tvos Lorand Research Network, Research
Statistical Analysis. Due to the variance heterogeneity of the Group of Peptide Chemistry, E6tvés Lorand University, H-
studied groups (i.e., conjugates) and non-normal distribution (based on 1117 Budapest, Hungary ' '

th fi d Bartletttest and ShapirdVilk lity tests, P
e periormsa mar oSt an apr/ik normaly fests Edit Pai  Laboratory of Interfaces and Nanostructures,

respectively), KruskaWallis nonparametric tests were used to i . - . A
compare the ects of the conjugates on cellular uptéke. the Institute of Chemistry, E6tvos Lorand University, H-1117
Budapest, Hungary

case of a sigmiant treatment ect (ap-value <0.05 was considered as .
signi cant), the dierences between the conjugates were tested by Zsuzsannadieth 3rd Department of Medicine Research

pairwise multiple comparisons following Bumethod. To control Laboratory, Semmelweis University, H-1125 Budapest,
the family-wise error rgtejalues of the post hoc tests were adjusted by Hungary

Holm's method. For comparison of the cytostagict®f Dau or Sal3- Laszb Cervenak 3rd Department of Medicine Research
conjugated peptide derivatives with the corresponding drug alone, Laboratory, Semmelweis University, H-1125 Budapest
Dunnetts post hoc test with Holm correction was used. ANOVA was Hungary ' ' '

used to analyze the treatmemtot on the BBB model TW system. All . . . .
Y Ferenc Zsila Institute of Materials and Environmental

statistical analyses were performed using R versiofi> F6rl. . .

mu|t|p|e Comparisons packaEMCMR’ was useajl4 Chem'stry, Research Centre fOI‘ NatUI’a| SCIenCGS, H'1117
Budapest, Hungary; @ orcid.org/0000-0002-4853-2810

Elod Méhes Department of Biological Physics, Institute of

> Supporting Information Physics, E6tvos Lorand University, H-1117 Budapest,

- L . Hungary
The Supporting Information is available free of charge at 5,5 kiss L torv of Interf Nanostruct
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01399 va Kiss Laboratory of Interfaces and Nanostructures

Institute of Chemistry, Eétvds Lorand University, H-1117
Monitoring of the conjugation reactions, characterization  Budapest, Hungary
of TMZA, characterization of the compounds, analytical Jarmila Vinsva Department of Organic and Bioorganic
RP-HPLC chromatograms of lead compounds, stability =~ Chemistry, Faculty of Pharmacy in Hradec Kralové, Charles
study of the conjugates, digestionlprof conjugates in University, 500 05 Hradec Krélové, Czech Republic
rat liver lysosomal homogenate and LC-MS analysis, complete contact information is available at:

vitro cytostatic and cytotoxic activity, determination of thenttps://pubs.acs.org/lo.1021/acs.jmedchem.0001399
pH dependence of thaiorescence intensity, cellular

uptake studies, confocal microscopy studies, in vitro BBS,thor contributions

ASSOCIATED CONTENT

model studies, and spheroid studi@&s
Molecular formula strin@6\}
Molecular formula stringI(SX

AUTHOR INFORMATION

Corresponding Author

Szilvia Bsze Eotvis Lorand Research Network, Research
Group of Peptide Chemistry, E6tvés Lorand University, H-
1117 Budapest, Hungary; @ orcid.org/0000-0001-9555-
699X Phone: +36-372-2500; Emlailsze @elte.hu
Fax: +36-372-26-20

Authors

Zsuzsa BaranyaiEétvos Lorand Research Network, Research
Group of Peptide Chemistry, E6tvds Lorand University, H-
1117 Budapest, Hungary; @ orcid.org/0000-0002-2174-
6747

Bedta Biri-Kovcs  E6tvds Lorand Research Network,
Research Group of Peptide Chemistry and Institute of
Chemistry, E6tvos Lorand University, H-1117 Budapest,
Hungary; ® orcid.org/0000-0001-5803-9969

Martin Krétky  Department of Organic and Bioorganic
Chemistry, Faculty of Pharmacy in Hradec Kralové, Charles
University, 500 05 Hradec Kralové, Czech Republic

Bdint Szeder Institute of Enzymology, Research Centre for
Natural Sciences, H-1117 Budapest, Hungary

Mérta L. Debreczeni 3rd Department of Medicine Research
Laboratory, Semmelweis University, H-1125 Budapest,
Hungary

Johanna Budai Edtvés Lorand Research Network, Research
Group of Peptide Chemistry, E6tvds Lorand University, H-
1117 Budapest, Hungary

The manuscript was written through contributions of all
authors. All authors have given approval tatiesersion of
the manuscript.

Notes
The authors declare no competingncial interest.

ACKNOWLEDGMENTS

This research work wasanced by the New National
Excellence Program of The Ministry of Human Capacities
[UNKP-17-3 grant]; by the National Research, Development
and Innovation Oce [NVKP_16-1-2016-0036 grant]; by the
ELTE Institutional Excellence Program [NKFIH-1157-8/2019-
DT supported by the Huagan Ministry of Human
Capacities]; and by the Czech Science Foundation [grant
number 20-19638Y] and canced by the European Regional
Development Fund [VEKOP-2.3.3-15-2017-00020] and by
EFSA-CDN [No. CZ.02.1.01/0.0/0.0/16_019/0000841].
The authors would like to thank Gitta Schlosser and Arnold
Steckel for the help in HRMS measurements, Antal Csampai for
NMR measurements, Janos Matkd, &od Babitzky for the

help in confocal microscopy. Z.B. also would like to thank the
Foundation for the Hungarian Peptide and Protein Research,
the Hungarian Chemical Society, the Pazmany-E6tvés Founda-
tion for Natural Sciences and Informatics, and the MedInProt
Mentor Program (Zsuzsa Baranyai, Janos Matkd) for the
support. B.B.-K. and S.B. acknowledge the support of the ELTE
Thematic Excellence Programme supported by the Hungarian
Ministry for Innovation and Technology and ELTE Thematic
Excellence Programme 2020 supported by the National
Research, Development and InnovatiorceO(TKP2020-
IKA-05). E.P. acknowledges the support of the VEKOP-2.3.2-
16-2017-00014 grant.

https://dx.doi.org/10.1021/acs.jmedchem.0c01399
J. Med. ChenkXXX, XXX, XX¥XXX


https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01399?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c01399/suppl_file/jm0c01399_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c01399/suppl_file/jm0c01399_si_002.csv
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c01399/suppl_file/jm0c01399_si_003.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Szilvia+Bo%CC%8Bsze"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9555-699X
http://orcid.org/0000-0001-9555-699X
mailto:bosze@elte.hu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zsuzsa+Baranyai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2174-6747
http://orcid.org/0000-0002-2174-6747
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bea%CC%81ta+Biri-Kova%CC%81cs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5803-9969
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Kra%CC%81tky%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ba%CC%81lint+Szeder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ma%CC%81rta+L.+Debreczeni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johanna+Budai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bence+Kova%CC%81cs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lilla+Horva%CC%81th"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edit+Pa%CC%81ri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zsuzsanna+Ne%CC%81meth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="La%CC%81szlo%CC%81+Cervenak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ferenc+Zsila"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4853-2810
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elo%CC%8Bd+Me%CC%81hes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="E%CC%81va+Kiss"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jarmila+Vins%CC%8Cova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01399?ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01399?ref=pdf

Journal of Medicinal Chemistry pubs.acs.org/jmc

ABBREVIATIONS USED (15) Rousselle, C.; Clair, P.; Lefauconnier, J. M.; Kaczorek, M.;

. rerrmann, J. M.; Temsamani, J. New Advances in the Transport of
SynB3, RRLSYSRRRF; GFLG-SynB3, GFLG'RRLSYSRRég;orubicin through the Blood-Brain Barrier by a Peptide Vector-
SynB3K, RRLSYSRRRFK; SynB3K(dec), RRLSYSRRRRfsiated Strategylol. Pharmacol. 2000, 57, 679 686.

(decanoyl); T5, TKPKG; GFLG-T5, GFLG-TKPKG; T5(4- (16) Rousselle, C.; Smirnova, M.; Clair, P.; Lefauconnier, J. M.;
dec), TKPK(decanoyl)G;, TKPPG-OT10, TKPPG-TKPKG- Chavanieu, A.; Calas, B.; Scherrmann, J. M.; Temsamani, J. Enhanced
TKPKG; H-, free N-terminal; Ac-, acetylated N-terminal; Cf-Delivery of Doxorubicin into the Brain via a Peptide-Vector-Mediated
5(6)-carboxyuorescein on the N-terminal; Sal3-Aoa-, salicylaStrategy: Saturation Kinetics and Specifidityarmacol. Exp. Ther.

nilide conjugated by an oxime bond to the N-terminal of th&001, 296, 124 131. . _

peptide; Dau-Aoa-, daunomycin conjugated by an oxime bond7) Kokryakov, V. N.; Harwig, S. S.; Panyutich, E. A.; Shevchenko, A.
to the N-terminal of the peptide; TMZ-, temozolomide A.; Aleshina, G. M.; Shamova, O. V.; Korneva, H. A.; Lehrer, R. 1.

; ; _ ; : y Brotegrins: Leukocyte Antimicrobial Peptides that Combine Features
B%];;Jgi:)erg;) guir:ja?(;?li:r?tr:gtggr:h(\jvlf:letr%m:hn: I ? ;tg\eogeggﬂgf Corticostatic Defensins and TachypleSEBS. Lett. 1993, 327,

. . . 31 236.
displaying uorescence reaches 50%; BEPL, brain extract po dig) Aumelas, A.; Mangoni, M.; Roumestand, C.; Chiche, L.

lipid; BBB, bloodbrain barrier; TW, Transwell Despaux, E.; Grassy, G.; Calas, B.; Chavanieu, A. Synthesis and
Solution Structure of the Antimicrobial Peptide Protedgim-1.
REFERENCES Biochem. 1996, 237, 575 583.

(1) Weller, M.; Wick, W.: Aldape, K. Brada, M.; Berger, M.: Pfister (19) Bol_intineanu, D. S.; Sayyed-Ahmad, A.; Da_v_is,_H. T.; Kaznessis,
M.- Nishikawa. R.: Rosenthal. M.: Wen. P. Y - étupp R Reifenberagr - Poisson-Nernst-Planck Models of Nonequilibrium lon Electro-
G. GliomaNat. Rev. Dis Primers 2015. 1. 15017, T |Fl’usionthroughaProtegrin TransmembraneHRo&Comput. Biol.

(2) Stupp, R.; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, p2009, 5, e1000277.

Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M. S.; Fink, K.; Di Mecq_(zo) Drin,.G.; Rogsselle,. C.. Scherrma.nn,'J. M. Rges, A'. R
F.; Lieberman, F.. zhu, J. J.; Stragliotto, G.; Tran, D.; Brem, emsamani, J. Peptide Delivery to the Brain via Adsorptive-Mediated

Hottinger, A.: Kirson, E. D.; Lavy-Shahaf, G.; Weinberg, U.; Kim, C. Yendocytosis: Advances with SynB VeetaRs PharmSci 2002, 4,
Paek, S. H.; Nicholas, G.; Bruna, J.; Hirte, H.; Weller, M.; Palti, Y ; He5'26' . ) . Bl ) . . .
M. E.; Ram, Z. Effect of Tumor-Treating Fields Plus Maintenanca21) Prin, G.. Cottin, S.; Blanc, E.; Rees, A. R.; Temsamani, J. Studies
Temozolomide vs Maintenance Temozolomide Alone on Survival §f! the Internalization Mechanisof Cationic Cell-Penetrating
Patients with Glioblastoma: A Randomized Clinical/Aks.2017, Peptidesl. Biol. Chem. 2003, 278, 31192 31201. _ _
318, 2306 2316. (22) ngve, F.; Ghinea, N.; Scherrmann, J. M. CNS Delivery via
(3) Shergalis, A.; Bankhead, A., 3rd; Luesakul, U.; Muangsin, N\dSOrptive Transcytoské\Ps J. 2008, 10, 455 472.

Neamati, N. Current Challenges and Opportunities in Treatin%/l(%)_Maze'v_M-? Clair, P.; Rousselle, C.; Vidal, P.; Scherrmann, J. M.;
Glioblastomaharmacol. Rev. 2018, 70, 412 445, athieu, D.; Temsamani, J. Doxorubicin-Peptide Conjugates Over-

(4) Robertson, F. L.; Marques-Torrejon, M. A.; Morrison, G. M.;come Multidrug Resistanaasti-Cancer Drugs 2001, 12, 107 116.
Pollard, S. M. Experimental Models and Tools to Tackle Glioblastomd24) Blanc, E.; Bonnafous, C.; Merida, P.; Cisternino, S.; Clair, P.;

Dis. Models Mech. 2019, 12, dmm040386. Scherrmann, J. M.; Temsamani, J. Peptide-Vector Strategy Bypasses P-
(5) Vollmann-Zwerenz, A.; Leidgens, V.; Feliciello, G.; Klein, C. AGlycoprotein Efflux, and Enhances Brain Transport and Solubility of
Hau, P. Tumor Cell Invasion in Glioblastdntal. Mol. Sci. 2020, 21, PaclitaxeRnti-Cancer Drugs 2004, 15, 947 954.

1932. (25) Rousselle, C.; Clair, P.; Temsamani, J.; Scherrmann, J. M.

(6) Liebelt, B. D.; Shingu, T.; Zhou, X.; Ren, J.; Shin, S. A.; Hu, y_nprpved Brain Delivery of Benzylpenicillin with a Peptide-Vector-
Glioma Stem Cells: Signaling, Microenvironment, and Tisemmapy. ~Mediated Strategy Drug Target 2002, 10, 309 315.

Cells Int. 2016, 2016, 7849890. (26) Rousselle, C.; Clair, P.; Smirnova, M.; Kolesnikov, Y.; Pasternak,
(7) Abbott, N. J.; Patabendige, A. A.; Dolman, D. E.; Yusof, S. G W, Gac-Br_eton, S.; Rees, A. R,; Scherrmann, J._I\_/I.; Temsama_ni, J.
Begley, D. J. Structure and Function of the Blood-Brain Barridfproved Brain Uptake and Pharmacological Activity of Dalargin
Neurobiol. Dis. 2010, 37, 13 25. Using a Peptide-Vector-Mediated Strafe@fiarmacol. Exp. Ther.

(8) van Tellingen, O.; Yetkin-Arik, B.; de Gooijer, M. C.; Wesseling?003, 306, 371 376. . .

P.; Wurdinger, T.; de Vries, H. E. Overcoming the Blood-Brain Tumof27) Temsamani, J.; Bonnafous, C.; Rousselle, C.; Fraisse, Y.; Clair, P.;
Barrier for Effective Glioblastoma Treatni2mnig Resist. Updates Granier, L. A.; Rees, A. R.; Kaczorek, M.; Scherrmann, J. M. Improved
2015,19, 1 12. Brain Uptake and Pharmacological Activity Profile of Morphine-6-
(9) Sarkaria, J. N.; Hu, L. S.; Parney, |. F.; Pafundi, D. H.; Brinkmanfg]ucuronide Using a Peptide Vector-Mediated Stiafgymacol.

D.H.; Laack, N. N.; Giannini, C.; Burns, T. C.; Kizilbash, S. H.; Laramzxp. Ther. 2005, 313, 712 719.

J. K.; Swanson, K. R.; Kaufmann, T. J.; Brown, P. D.; Agar, N. Y. R28) Adenot, M.; Merida, P.; Lahana, R. Applications of a Blood-Brain
Galanis, E.; Buckner, J. C.; EImquist, W. F. Is the Blood-Brain Barr@rrier Technology Platform to Predict CNS Penetration of Various
Really Disrupted in All Glioblastomas? A Critical Assessment §hemotherapeutic Agents. 2. Cationic Peptide Vectors for Brain
Existing Clinical Datieuro Oncol 2018, 20, 184 191. DeliveryChemotherapy 2007, 53, 73 76.

(10) Lu, C. T.; Zhao, Y. Z.; Wong, H. L.; Cai, J.; Peng, L.; Tian, X. Q.(29) Castex, C.; Merida, P.; Blanc, E.; Clair, P.; Rees, A. R;
Current Approaches to Enhance CNS Delivery of Drugs across themsamani, J. 2-Pyrrolinodoxorubicin and Its Peptide-Vectorized

Brain Barrierdnt. J. Nanomed. 2014, 9, 2241 2257. Form Bypass Multidrug Resistafic-Cancer Drugs 2004, 15, 609

(11) Ghosh, D.; Peng, X.; Leal, J.; Mohanty, R. Peptides as Dr&g 7.

Delivery Vehicles across Biological Baidrigrarm. Invest. 2018, 48, (30) Liu, H.; Zhang, W.; Ma, L.; Fan, L.; Gao, F.; Ni, J.; Wang, R. The
89 111. Improved Blood-Brain Barrier Permeability of Endomorphin-1 Using
(12) Pardridge, W. M. Molecular Trojan Horses for Blood-Brairthe Cell-Penetrating Peptide SynB3 with Three Different Lihiages.
Barrier Drug Deliver@urr. Opin. Pharmacol. 2006, 6, 494 500. J. Pharm. 2014, 476, 1 8.

(13) Regberg, J.; Srimanee, A.; Langel, U. Applications of Celk31) Tian, X. H.; Wei, F.; Wang, T. X.; Wang, P.; Lin, X. N.; Wang, J.;
Penetrating Peptides for Tumor Targeting and Future CancélNang, D.; Ren, L. In Vitro and in Vivo Studies on Gelatin-Siloxane
TherapiesRharmaceuticals 2012, 5, 991 1007. Nanoparticles Conjugated with SynB Peptide to Increase Drug
(14) Oller-Salvia, B.; Sanchez-Navarro, M.; Giralt, E.; Teixido, MDelivery to the Braiimt. J. Nanomed. 2012, 7, 1031 1041.

Blood-Brain Barrier Shuttle Peptides: An Emerging Paradigm for Brai{32) Stalmans, S.; Bracke, N.; Wynendaele, E.; Gevaert, B.; Peremans,
DeliveryChem. Soc. Rev. 2016, 45, 4690 4707. K.; Burvenich, C.; Palis, |.; De Spiegeleer, B. Cell-Penetrating Peptides

\ https://dx.doi.org/10.1021/acs.jmedchem.0c01399
J. Med. ChenkXXX, XXX, XX¥XXX


https://dx.doi.org/10.1038/nrdp.2015.17
https://dx.doi.org/10.1001/jama.2017.18718
https://dx.doi.org/10.1001/jama.2017.18718
https://dx.doi.org/10.1001/jama.2017.18718
https://dx.doi.org/10.1124/pr.117.014944
https://dx.doi.org/10.1124/pr.117.014944
https://dx.doi.org/10.1242/dmm.040386
https://dx.doi.org/10.3390/ijms21061932
https://dx.doi.org/10.1155/2016/7849890
https://dx.doi.org/10.1016/j.nbd.2009.07.030
https://dx.doi.org/10.1016/j.drup.2015.02.002
https://dx.doi.org/10.1016/j.drup.2015.02.002
https://dx.doi.org/10.1093/neuonc/nox175
https://dx.doi.org/10.1093/neuonc/nox175
https://dx.doi.org/10.1093/neuonc/nox175
https://dx.doi.org/10.2147/IJN.S61288
https://dx.doi.org/10.2147/IJN.S61288
https://dx.doi.org/10.1007/s40005-017-0374-0
https://dx.doi.org/10.1007/s40005-017-0374-0
https://dx.doi.org/10.1016/j.coph.2006.06.001
https://dx.doi.org/10.1016/j.coph.2006.06.001
https://dx.doi.org/10.3390/ph5090991
https://dx.doi.org/10.3390/ph5090991
https://dx.doi.org/10.3390/ph5090991
https://dx.doi.org/10.1039/C6CS00076B
https://dx.doi.org/10.1039/C6CS00076B
https://dx.doi.org/10.1124/mol.57.4.679
https://dx.doi.org/10.1124/mol.57.4.679
https://dx.doi.org/10.1124/mol.57.4.679
https://dx.doi.org/10.1016/0014-5793(93)80175-T
https://dx.doi.org/10.1016/0014-5793(93)80175-T
https://dx.doi.org/10.1111/j.1432-1033.1996.0575p.x
https://dx.doi.org/10.1111/j.1432-1033.1996.0575p.x
https://dx.doi.org/10.1371/journal.pcbi.1000277
https://dx.doi.org/10.1371/journal.pcbi.1000277
https://dx.doi.org/10.1208/ps040426
https://dx.doi.org/10.1208/ps040426
https://dx.doi.org/10.1074/jbc.M303938200
https://dx.doi.org/10.1074/jbc.M303938200
https://dx.doi.org/10.1074/jbc.M303938200
https://dx.doi.org/10.1208/s12248-008-9055-2
https://dx.doi.org/10.1208/s12248-008-9055-2
https://dx.doi.org/10.1097/00001813-200102000-00003
https://dx.doi.org/10.1097/00001813-200102000-00003
https://dx.doi.org/10.1097/00001813-200411000-00003
https://dx.doi.org/10.1097/00001813-200411000-00003
https://dx.doi.org/10.1097/00001813-200411000-00003
https://dx.doi.org/10.1080/10611860290031886
https://dx.doi.org/10.1080/10611860290031886
https://dx.doi.org/10.1124/jpet.102.048520
https://dx.doi.org/10.1124/jpet.102.048520
https://dx.doi.org/10.1124/jpet.104.081000
https://dx.doi.org/10.1124/jpet.104.081000
https://dx.doi.org/10.1124/jpet.104.081000
https://dx.doi.org/10.1159/000098422
https://dx.doi.org/10.1159/000098422
https://dx.doi.org/10.1159/000098422
https://dx.doi.org/10.1159/000098422
https://dx.doi.org/10.1097/01.cad.0000132231.28888.fa
https://dx.doi.org/10.1097/01.cad.0000132231.28888.fa
https://dx.doi.org/10.1016/j.ijpharm.2014.08.045
https://dx.doi.org/10.1016/j.ijpharm.2014.08.045
https://dx.doi.org/10.1016/j.ijpharm.2014.08.045
https://dx.doi.org/10.2147/IJN.S26541
https://dx.doi.org/10.2147/IJN.S26541
https://dx.doi.org/10.2147/IJN.S26541
https://dx.doi.org/10.1371/journal.pone.0139652
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01399?ref=pdf

Journal of Medicinal Chemistry pubs.acs.org/jmc

Selectively Cross the Blood-Brain Barrier InRliv®One 2015, 10, (51) Kratky, M.; Vinsova, J. Salicylanilide Ester Prodrugs as Potential
No. e0139652. Antimicrobial Agenta ReviewCurr. Pharm. Des. 2011, 17, 3494

(33) Leng, Q.; Woodle, M. C.; Mixson, A. J. NRP1 Transport 0f3505.

Cancer Therapeutics Mediated by Tumor-Penetrating P&ptighes. (52) Li, Y.; Li, P. K.; Roberts, M. J.; Arend, R. C.; Samant, R. S;
Future 2017, 42, 95 104. Buchsbaum, D. J. Multi-Targeted Therapy of Cancer by Niclosamide: A
(34)Wang, Y.; Cao, Y.; Mangalam, A. K.; Guo, Y.; LaFrance-Corey Nkew Application for an Old Drug@ancer Lett. 2014, 349, 8 14.

G.; Gamez, J. D.; Atanga, P. A;; Clarkson, B. D.; Zhang, Y.; Wang, &63) Chen, W.; Mook, R. A., Jr.; Premont, R. T.; Wang, J.
Angom, R. S.; Dutta, K.; Ji, B.; Pirko, |.; Lucchinetti, C. F.; Howe, C. LNiclosamide: Beyond an Antihelminthic D@ati. Signalling 2018,
Mukhopadhyay, D. Neuropilin-1 Modulates Interferon-Gamma4l, 89 96.

Stimulated Signaling in Brain Microvascular Endothelial. Cells. (54) Pan, J. X.; Ding, K.; Wang, C. Y. Niclosamide, an Old

Sci. 2016, 129, 3911 3921. Antihelminthic Agent, Demonstrates Antitumor Activity by Blocking
(35) Chen, L.; Shi, Y.; Qiu, R. Neuropilin-1 (NRP-1), a Novel Multiple Signaling Pathways of Cancer Stem A#iksg 2012, 31,
Molecular Target of GliomialNanosci. Nanotechnol. 2016, 16, 6657 178 184.

6666. (55) Wieland, A.; Trageser, D.; Gogolok, S.; Reinartz, R.; Hofer, H.;
(36) Pellet-Many, C.; Frankel, P.; Jia, H.; Zachary, I. Neuropilindseller, M.; Leinhaas, A.; Schelle, R.; Normann, S.; Klaas, L.; Waha, A.;
Structure, Function and Role in Disdgisehem. J. 2008, 411, 211 Koch, P.; Fimmers, R.; Pietsch, T.; Yachnis, A. T.; Pincus, D. W.;
226. Steindler, D. A.; Brustle, O.; Simon, M.; Glas, M.; Scheffler, B.

(37) Teesalu, T.; Sugahara, K. N.; Kotamraju, V. R.; Ruoslahti, E. 8nticancer Effects of Niclosamide in Human Glioblas@ima.
End Rule Peptides Mediate Neuropilin-1-Dependent Cell, Vascul&@ancer Res. 2013, 19, 4124 4136.
and Tissue Penetrati®mc. Natl. Acad. Sci. U. S. A. 2009, 106, 16157 (56) Cheng, B.; Morales, L. D.; Zhang, Y.; Mito, S.; Tsin, A.
16162. Niclosamide Induces Protein Ubiquitination and Inhibits Multiple Pro-
(38) Sugahara, K. N.; Teesalu, T.; Karmali, P. P.; Kotamraju, V. RBurvival Signaling Pathways in the Human Glioblastoma U-87 MG Cell
Agemy, L.; Girard, O. M.; Hanahan, D.; Mattrey, R. F.; Ruoslahti, Eine.PL0oS One 2017, 12, No. e0184324.
Tissue-Penetrating Delivery of Compounds and Nanoparticles int¢57) Myrberg, H.; Zhang, L.; Mae, M.; Langel, U. Design of a Tumor-
TumorsCancer Cell 2009, 16, 510 520. Homing Cell-Penetrating PeptiBieconjugate Chem. 2008, 19, 70
(39) Teesalu, T.; Sugahara, K. N.; Ruoslahti, E. Tumor-Penetratiii§.
Peptidestront. Oncol. 2013, 3, 216. (58) Ren, Y.; Cheung, H. W.; von Maltzhan, G.; Agrawal, A.; Cowley,
(40) Ruoslahti, E. Tumor Penetrating Peptides for Improved Dru. S.; Weir, B. A.; Boehm, J. S.; Tamayo, P.; Karst, A. M.; Liu, J. F.;
DeliveryAdv. Drug Delivery Rev. 2017, 110 111, 3 12. Hirsch, M. S.; Mesirov, J. P.; Drapkin, R.; Root, D. E.; Lo, J.; Fogal, V.;
(41) Pang, H. B.; Braun, G. B.; Friman, T.; Aza-Blanc, P.; Ruidiaz, Ruoslahti, E.; Hahn, W. C.; Bhatia, S. N. Targeted Tumor-Penetrating
E.; Sugahara, K. N.; Teesalu, T.; Ruoslahti, E. An Endocytosis Pathgi@®NA Nanocomplexes for Credentialing the Ovarian Cancer
Initiated through Neuropilin-1 and Regulated by Nutrient AvailabilityOncogene Id4ci. Transl. Med. 2012, 4, 147ral12.

Nat. Commun. 2014, 5, 4904. (59) Crisp, J. L.; Savariar, E. N.; Glasgow, H. L.; Ellies, L. G.; Whitney,
(42) Siemion, I. Z.; Kluczyk, A. Tuftsin: On the 30-Year Anniversaryl. A.; Tsien, R. Y. Dual Targeting of Integrin Alphavbeta3 and Matrix
of Victor Najjas DiscoveryPeptides 1999, 20, 645 674. Metalloproteinase-2 for Optical Imaging of Tumors and Chemo-

(43) von Wronski, M. A.; Raju, N.; Pillai, R.; Bogdan, N. J.; Marinelltherapeutic Deliverylol. Cancer Ther. 2014, 13, 1514 1525.
E. R.; Nanjappan, P.; Ramalingam, K.; Arunachalam, T.; Eaton, $60) Liu, Y.; Ran, R.; Chen, J.; Kuang, Q.; Tang, J.; Mei, L.; Zhang, Q.;
Linder, K. E.; Yan, F.; Pochon, S.; Tweedle, M. F.; Nunn, A. D. TuftsiBao, H.; Zhang, Z.; He, Q. Paclitaxel Loaded Liposomes Decorated
Binds Neuropilin-1 through a Sequence Similar to That Encoded hyith a Multifunctional Tandem Peptide for Glioma Targeting.
Exon 8 of Vascular Endothelial Growth Fadsgn. Chem. 2006, 281, Biomaterials 2014, 35, 4835 4847.
5702 5710. (61) Feni, L.; Parente, S.; Robert, C.; Gazzola, S.; Arosio, D.; Piarulli,
(44) Nissen, J. C.; Selwood, D. L.; Tsirka, S. E. Tuftsin Signals througly Neundorf, I. Kiss and Run: Promoting Effective and Targeted
Its Receptor Neuropilin-1 via the Transforming Growth Factor Bet&ellular Uptake of a Drug Delivery Vehicle Composed of an Integrin-

Pathwayd. Neurochem. 2013, 127, 394 402. Targeting Diketopiperazine Peptidomimetic and a Cell-Penetrating
(45) Bump, N. J.; Lee, J.; WIeklik, M.; Reichler, J.; Najjar, V. APeptideBioconjugate Chem. 2019, 30, 2011 2022.

Isolation and Subunit Composition of Tuftsin Receptor.Natl. (62) Agarwala, S. S.; Kirkwood, J. M. Temozolomide, a Novel
Acad. Sci. U. S. A. 1986, 83, 7187 7191. Alkylating Agent with Activity in the Central Nervous System, May

(46) Mezo, G.; Kalaszi, A.; Remenyi, J.; Majer, Z.; Hilbert, A.; Langmprove the Treatment of Advanced Metastatic Mela@ocolagist

0O.; Kohidai, L.; Barna, K.; Gaal, D.; Hudecz, F. Synthesig000,5, 144 151.

Conformation, and Immunoreactivity of New Carrier Molecules (63) Baranyai, Z.; Kratky, M.; Vinsova, J.; Szabo, N.; Senoner, Z.;
Based on Repeated Tuftsin-Like Sequérmpelymers 2004, 73, Horvati, K.; Stolarikova, J.; David, S.; Bosze, S. Combating Highly
645 656. Resistant Emerging Pathogen Mycobacterium Abscessus and Myco-
(47)Bai, K.B.; Lang, O.; Orban, E.; Szabo, R.; Kohidai, L.; Hudecz, Bacterium Tuberculosis with Novel Salicylanilide Esters and
Mezo, G. Design, Synthesis, and In Vitro Activity of Novel Drugarbamategur. J. Med. Chem. 2015, 101, 692 704.

Delivery Systems Containing Tuftsin Derivatives and Methotrexat€64) Futaki, S.; Ohashi, W.; Suzuki, T.; Niwa, M.; Tanaka, S.; Ueda,
Bioconjugate Chem. 2008, 19, 2260 2269. K.; Harashima, H.; Sugiura, Y. Stearylated Arginine-Rich Peptides: A
(48) Horvati, K.; Bacsa, B.; Szabo, N.; David, S.; Mezo, G.; Grolmudiew Class of Transfection SysteBiwsonjugate Chem. 2001, 12,

V.; Vertessy, B.; Hudecz, F.; Bosze, S. Enhanced Cellular Uptake d0@5 1011.

New, In Silico Identified Antitubercular Candidate by Peptide (65) Ezzat, K.; Andaloussi, S. E.; Zaghloul, E. M.; Lehto, T.; Lindberg,
ConjugationBioconjugate Chem. 2012, 23, 900 907. S.; Moreno, P. M.; Viola, J. R.; Magdy, T.; Abdo, R.; Guterstam, P.;
(49) Abraham, A.; Baranyai, Z.; Gyulai, G.; Pari, E.; Horvati, K.; Bos#Aillard, R.; Hammond, S. M.; Wood, M. J.; Arzumanov, A. A.; Gait, M.
S.; Kiss, E. Comparative Analysis of New Peptide Conjugates Jof Smith, C. I.; Hallbrink, M.; Langel, U. Pepfect 14, a Novel Cell-
Antitubercular Drug Candidates-Model Membrane and In VitrdPenetrating Peptide for Oligonucleotide Delivery in Solution and as
StudiesColloids Surf., B 2016, 147, 106 115. Solid Formulatiomucleic Acids Res. 2011, 39, 5284 5298.

(50) Baranyai, Z.; Kratky, M.; Vosatka, R.; Szabo, E.; Senoner, Z66) Kiss, E.; Schnoller, D.; Pribranska, K.; Hill, K.; Penzes, C. B.;
David, S.; Stolarikova, J.; Vinsova, J.; Bosze, S. In Vitro Biologidakvati, K.; Bosze, S. Nanoencapsulation of Antitubercular Drug
Evaluation of New Antimycobacterial Salicylanilide-Tuftsin Conjusoniazid and Its Lipopeptide Conjugat®ispersion Sci. Technol.
gatesEur. J. Med. Chem. 2017, 133, 152 173. 2011, 32, 1728 1734.

\ https://dx.doi.org/10.1021/acs.jmedchem.0c01399
J. Med. ChenkXXX, XXX, XX¥XXX


https://dx.doi.org/10.1371/journal.pone.0139652
https://dx.doi.org/10.1358/dof.2017.042.02.2564106
https://dx.doi.org/10.1358/dof.2017.042.02.2564106
https://dx.doi.org/10.1242/jcs.190702
https://dx.doi.org/10.1242/jcs.190702
https://dx.doi.org/10.1166/jnn.2016.11376
https://dx.doi.org/10.1166/jnn.2016.11376
https://dx.doi.org/10.1042/BJ20071639
https://dx.doi.org/10.1042/BJ20071639
https://dx.doi.org/10.1073/pnas.0908201106
https://dx.doi.org/10.1073/pnas.0908201106
https://dx.doi.org/10.1073/pnas.0908201106
https://dx.doi.org/10.1016/j.ccr.2009.10.013
https://dx.doi.org/10.1016/j.ccr.2009.10.013
https://dx.doi.org/10.3389/fonc.2013.00216
https://dx.doi.org/10.3389/fonc.2013.00216
https://dx.doi.org/10.1016/j.addr.2016.03.008
https://dx.doi.org/10.1016/j.addr.2016.03.008
https://dx.doi.org/10.1038/ncomms5904
https://dx.doi.org/10.1038/ncomms5904
https://dx.doi.org/10.1016/S0196-9781(99)00019-4
https://dx.doi.org/10.1016/S0196-9781(99)00019-4
https://dx.doi.org/10.1074/jbc.M511941200
https://dx.doi.org/10.1074/jbc.M511941200
https://dx.doi.org/10.1074/jbc.M511941200
https://dx.doi.org/10.1111/jnc.12404
https://dx.doi.org/10.1111/jnc.12404
https://dx.doi.org/10.1111/jnc.12404
https://dx.doi.org/10.1073/pnas.83.19.7187
https://dx.doi.org/10.1002/bip.20024
https://dx.doi.org/10.1002/bip.20024
https://dx.doi.org/10.1002/bip.20024
https://dx.doi.org/10.1021/bc800115w
https://dx.doi.org/10.1021/bc800115w
https://dx.doi.org/10.1021/bc200221t
https://dx.doi.org/10.1021/bc200221t
https://dx.doi.org/10.1021/bc200221t
https://dx.doi.org/10.1016/j.colsurfb.2016.07.054
https://dx.doi.org/10.1016/j.colsurfb.2016.07.054
https://dx.doi.org/10.1016/j.colsurfb.2016.07.054
https://dx.doi.org/10.1016/j.ejmech.2017.03.047
https://dx.doi.org/10.1016/j.ejmech.2017.03.047
https://dx.doi.org/10.1016/j.ejmech.2017.03.047
https://dx.doi.org/10.2174/138161211798194521
https://dx.doi.org/10.2174/138161211798194521
https://dx.doi.org/10.1016/j.canlet.2014.04.003
https://dx.doi.org/10.1016/j.canlet.2014.04.003
https://dx.doi.org/10.1016/j.cellsig.2017.04.001
https://dx.doi.org/10.5732/cjc.011.10290
https://dx.doi.org/10.5732/cjc.011.10290
https://dx.doi.org/10.5732/cjc.011.10290
https://dx.doi.org/10.1158/1078-0432.CCR-12-2895
https://dx.doi.org/10.1371/journal.pone.0184324
https://dx.doi.org/10.1371/journal.pone.0184324
https://dx.doi.org/10.1371/journal.pone.0184324
https://dx.doi.org/10.1021/bc0701139
https://dx.doi.org/10.1021/bc0701139
https://dx.doi.org/10.1126/scitranslmed.3003778
https://dx.doi.org/10.1126/scitranslmed.3003778
https://dx.doi.org/10.1126/scitranslmed.3003778
https://dx.doi.org/10.1158/1535-7163.MCT-13-1067
https://dx.doi.org/10.1158/1535-7163.MCT-13-1067
https://dx.doi.org/10.1158/1535-7163.MCT-13-1067
https://dx.doi.org/10.1016/j.biomaterials.2014.02.031
https://dx.doi.org/10.1016/j.biomaterials.2014.02.031
https://dx.doi.org/10.1021/acs.bioconjchem.9b00292
https://dx.doi.org/10.1021/acs.bioconjchem.9b00292
https://dx.doi.org/10.1021/acs.bioconjchem.9b00292
https://dx.doi.org/10.1021/acs.bioconjchem.9b00292
https://dx.doi.org/10.1634/theoncologist.5-2-144
https://dx.doi.org/10.1634/theoncologist.5-2-144
https://dx.doi.org/10.1634/theoncologist.5-2-144
https://dx.doi.org/10.1016/j.ejmech.2015.07.001
https://dx.doi.org/10.1016/j.ejmech.2015.07.001
https://dx.doi.org/10.1016/j.ejmech.2015.07.001
https://dx.doi.org/10.1016/j.ejmech.2015.07.001
https://dx.doi.org/10.1021/bc015508l
https://dx.doi.org/10.1021/bc015508l
https://dx.doi.org/10.1093/nar/gkr072
https://dx.doi.org/10.1093/nar/gkr072
https://dx.doi.org/10.1093/nar/gkr072
https://dx.doi.org/10.1080/01932691.2011.616128
https://dx.doi.org/10.1080/01932691.2011.616128
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01399?ref=pdf

Journal of Medicinal Chemistry pubs.acs.org/jmc

(67) Shao, J.; Tam, J. P. Unprotected Peptides as Building Blocks f(86) Casey, J. R.; Grinstein, S.; Orlowski, J. Sensors and Regulators of
the Synthesis of Peptide Dendrimers with Oxime, Hydrazone, atatracellular PhiNat. Rev. Mol. Cell Biol. 2010, 11, 50 61.

Thiazolidine LinkagelsAm. Chem. Soc. 1995, 117, 3893 3899. (87) Biri-Kovacs, B.; Adorjan, A.; Szabo, |.; Szeder, B.; Bosze, S.;

(68) Naqgvi, S. A.; Matzow, T.; Finucane, C.; Nagra, S. A.; Ishfaq, Mezo, G. Structure-Activity Relationship of HER2 Receptor Targeting
M.; Mather, S. J.; Sosabowski, J. Insertion of a Lysosomal Enzyfreptide and Its Derivatives in Targeted Tumor Thé&iamyglecules
Cleavage Site into the Sequence of a Radiolabeled Neuropeptad20, 10, 183.

Influences Cell Trafficking In Vitro and In Vi@ancer Biother. (88) lllien, F.; Rodriguez, N.; Amoura, M.; Joliot, A.; Pallerla, M.;
Radiopharm. 2010, 25, 89 95. Cribier, S.; Burlina, F.; Sagan, S. Quantitative Fluorescence Spectros-
(69) Vrettos, E. |.; Mezo, G.; Tzakos, A. G. On the Design Principlezopy and Flow Cytometry Analyses of Cell-Penetrating Peptides
of Peptide-Drug Conjugates for Targeted Drug Delivery to thénternalization Pathways: Optimization, Pitfalls, Comparison with

Malignant Tumor Sit&eilstein J. Org. Chem. 2018, 14, 930 954. Mass Spectrometry QuantificatéonRep. 2016, 6, 36938.

(70) Arrowsmith, J.; Jennings, S. A.; Clark, A. S.; Stevens, M. K89) Kiss, E.; Gyulai, G.; Pari, E.; Horvati, K.; Bosze, S. Membrane
Antitumor Imidazotetrazines. 41. Conjugation of the Antitumor Agent#ffinity and Fluorescent Labelling: Comparative Study of Monolayer
Mitozolomide and Temozolomide to Peptides and Lexitropsininteraction, Cellular Uptake and Cytotoxicity Profile of Carboxy-
Bearing DNA Major and Minor Groove-Binding Structural Motifs. fluorescein-Conjugated Cationic Peptidesno Acids 2018, 50,

Med. Chem. 2002, 45, 5458 5470. 1557 1571.

(71) Skinner, M.; Ward, S. M.; Emrick, T. Versatile Synthesis of(90) Langel, UCPP, Cell-Penetrating Peptides, 1st ed.; Springer:
Polymer-Temozolomide Conjugad&s Macro Lett. 2017, 6, 215 Singapore, 2019; pp XII, 4D®I: 10.1007/978-981-13-8747-0

218. (91) Birch, D.; Christensen, M. V.; Staerk, D.; Franzyk, H.; Nielsen, H.
(72) Toniolo, C. F. F.; Woody, R. W. Electronic Circular Dichroism oM. Fluorophore Labeling of a Cell-Penetrating Peptide Induces
Peptides. IrComprehensive Chiroptical Spectroscopy: Applications in Differential Effects on Its Cellular Distribution and Affects Cell

Stereochemical Analysis of Synthetic Compounds, Natural Products, and Viability Biochim. Biophys. Acta, Biomembr. 2017, 1859, 2483 2494.
Biomolecules; Berova, N., Polavarapu, P. L., Nakanishi, K., Woody, R(92) Mendez-Ardoy, A.; Lostale-Seijo, |.; Montenegro, J. Where in the

W., Eds.; Wiley: 2012; V|pp 499 544. Cell Is Our Cargo? Methods Currently Used to Study Intracellular
(73) Woody, R. W. Circular Dichroism Spectrum of Peptides in th&ytosolic Localisatio@hemBioChem 2019, 20, 488 498. ,
Poly(Pro)ll Conformatiod. Am. Chem. Soc. 2009, 131, 8234 8245. (93) Sani, M. A.; Gehman, J. D.; Separovic, F. Lipid Matrix Plays a

(74) Bosze, S.; Zsila, F.; Biri-Kovacs, B.; Szeder, B.; Majer, Z.; Huddg@le in Abeta Fibril Kinetics and Morphol&§$s Lett. 2011, 585,

F.; Uray, K. Tailoring Uptake Efficacy of HSV-1 gD Derived Carrief49 754. o _

PeptidesBiomolecules 2020, 10, 721. (94) Sandrino, B.; Jochelavicius, K.; Volpati, D.; Barbosa, S. C.;
(75) Vincenzi, M.; Mercurio, F. A.; Leone, M. About TFE: Old andNobre, T. M.; Oliveira, O. N., Jr The Prion Fragment Pra2g6
New FindingsCurr. Protein Pept. Sci. 2019, 20, 425 451. Adopts a Secondary Structure Typical of Aggregated Fibrils in
(76) Yan, J.; Liang, X.; Liu, C.; Cheng, Y.; Zhou, L.; Wang, K.; Zhao, kangmuir Monolayers of Brain Lipid Extr@btm. Phys. Lipids
Influence of Proline Substitution on the Bioactivity of Mammalian2020, 230, 104930.

Derived Antimicrobial Peptide NKP2obiotics Antimicrob. Proteins (95) Pari, E.; Horvati, K.; Bosze, S.; Biri-Kovacs, B.; Szeder, B.; Zsila,
2018, 10, 118 127. F.; Kiss, E. Drug Conjugation Induced Modulation of Structural and
(77) Imai, K.; Mitaku, S. Mechanisms of Secondary Structure Break&f§mbrane Interaction Features of Cationic Cell-Permeable Peptides.
in Soluble ProteinBiophysics (Biophys. Soc. Jpn.) 2005, 1, 55 65. Int. J. Mol. Sci. 20_20- 21, 219.7- . . .
(78) Mindell, J. A. Lysosomal Acidification Mechansms.Rev. (96) Bicker, J.; Alves, G.; Fortuna, A.; BakaBlood-Brain Barrier
Physiol. 2012, 74, 69 86. Models and Their Relevance for a Successful Development of CNS

(79) Orban, E.; Mezo, G.; Schlage, P.; Csik, G.; Kulic, Z.; Ansorge, Prug Delivery Systems: A Reviaw.J. Pharm. Biopharm. 2014, 87,
Fellinger, E.; M?ller, H. M.; Manea, M. In Vitro Degradation an 2. ) . . . .
Antitumor Activity of Oxime Bond-Linked Daunorubicin-GnRH-IIl (97) Yamada, K. M.; Cukierman, E. Modeling Tissue Morphogenesis

Bioconjugates and DNA-Binding Properties of Daunorubicin-Amingnd €ancer in 3@ell 2007, 130, 601 610.
Acid Mjetgbolitesxmino Acids 2011g41 429 483 (98) Langhans, S. A. Three-Dimensional In Vitro Cell Culture Models

(80) Price, J. E.; Polyzos, A.; Zhang, R. D.; Daniels, L. M Drug Discovery and Drug Repositiorfiragt. Pharmacol. 2018, 9,

Tumorigenicity and Metastasis of Human Breast Carcinoma C .
Lines in Nude Mic&ancer Res. 1990, 50, 717 721. 299) Reed, J.; Reed, T. A. A Set of Constructed Type Spectra for the

(81) Cailleau, R.; Olive, M.; Cruciger, Q. V. Long-Term HumanPracticaI Estimation of Peptide Secondary Structure from Circular
Breast Carcinoma Cell Lines of Metastatic Origin: Preliminary/chroismAnal. Biochem. 1997, 254, 36 40. N _
Characterizatioin Vitro 1978, 14, 911 915. (10.0) Ampn, M. A Al". M.; Bef?defz V., Hall, K.; Aggllar, M. 1.
(82) Korch, C.; Hall, E M" [,)irks W. G.; Ewing, M.; Faries, M .Aldrich-Wright, J.; Manolios, N. Kinetic and Conformational Proper-

Varella-Garcia, M.; Robinson, S.; Storts, D.: Turner, J. A.; Wang ’Qes of a Novel T-Cell Antigen Receptor Transmembrane Peptide in

. i . N . Da Médel Membranes.Pept. Sci. 2008, 14, 714 724.
Burnett, E. C.; Healy, L.; Kniss, D.; Neve, R. M.; Nims, R. W.; Reid, TS Ay L
A.: Robinson, W.yA.; Capes-Davis, A. Authentication of |\/IlF(lol) Allen, M.; Poggiali, D.; Whitaker, K.; Marshall, T.; Kievit, R.

: e e aincloud Plots: A Multi-Platform Tool for Robust Data Visualization
Melanoma Cell Line Proves Misidentification of MDA-MB-435 Brea : . —
Cancer Cell Lindnt, J. Cancer 2018, 142, 561 572. ersion 1; Peer Review: 2 Approviad]icome Open Res. 2019, 4, 63.

(83) Randelovic, I.; Schuster, S.; Kapuvari, B.; Fossati,G.;Steinkuh&igrzgoﬁaéal]](':;i'orls_'ﬁtat'fat'rcglaggﬁlgssi‘vgtrh,\?\?';zggé' J. H., Ed;
C.; Mezo, G.; Tovari, J. Improved in Vivo Anti-Tumor and Anti- (103) R Core Team .Th%pR Pro'ectforStat’istic’aI Con.w —y
Metastatic Effect of GnRH-IlI-Daunorubicin Analogs on Colorectal : ) uting

; . . . www.r-project.orgaccessed Feb 13, 2021).
and Breast Carcinoma Bearing Ninte). Mol. Sci. 2019, 20, 4763. (104) Pohlert, T. The Pairwise Multiple Comparison of Mean Ranks

(84) Tripodi, A. A. P.; Randelovic, I.; Biri-Kovacs, B.; Szeder, BPackage (Pmcmnttps://cran.r-project.org/web/packages/

Mezo, G.; Tovari, J. In Vivouimor Growth Inhibition and .
Antiangiogenic Effect of Cyclic NGR Peptide-Daunorubicin ConI?MCMR/V'gnatES/PIVICMR'IO(@&CCESSQd Feb 13, 2021).

jugates Developed for Targeted Drug DelRaggl. Oncol. Res. 2020,
26,1879 1892.

(85) Dokus, L. E.; Lajko, E.; Randelovic, I.; Mezo, D.; Schlosser, G.;
Kohidai, L.; Tovari, J.; Mezo, G. Phage Display-Based Homing Peptide-
Daunomycin Conjugates for Selective Drug Targeting to Panc-1
Pancreatic Canc@harmaceutics 2020, 12, 576.

X https://dx.doi.org/10.1021/acs.jmedchem.0c01399
J. Med. ChenkXXX, XXX, XX¥XXX


https://dx.doi.org/10.1021/ja00119a001
https://dx.doi.org/10.1021/ja00119a001
https://dx.doi.org/10.1021/ja00119a001
https://dx.doi.org/10.1089/cbr.2009.0666
https://dx.doi.org/10.1089/cbr.2009.0666
https://dx.doi.org/10.1089/cbr.2009.0666
https://dx.doi.org/10.3762/bjoc.14.80
https://dx.doi.org/10.3762/bjoc.14.80
https://dx.doi.org/10.3762/bjoc.14.80
https://dx.doi.org/10.1021/jm020936d
https://dx.doi.org/10.1021/jm020936d
https://dx.doi.org/10.1021/jm020936d
https://dx.doi.org/10.1021/acsmacrolett.7b00007
https://dx.doi.org/10.1021/acsmacrolett.7b00007
https://dx.doi.org/10.1021/ja901218m
https://dx.doi.org/10.1021/ja901218m
https://dx.doi.org/10.3390/biom10050721
https://dx.doi.org/10.3390/biom10050721
https://dx.doi.org/10.2174/1389203720666190214152439
https://dx.doi.org/10.2174/1389203720666190214152439
https://dx.doi.org/10.1007/s12602-017-9335-1
https://dx.doi.org/10.1007/s12602-017-9335-1
https://dx.doi.org/10.2142/biophysics.1.55
https://dx.doi.org/10.2142/biophysics.1.55
https://dx.doi.org/10.1146/annurev-physiol-012110-142317
https://dx.doi.org/10.1007/s00726-010-0766-1
https://dx.doi.org/10.1007/s00726-010-0766-1
https://dx.doi.org/10.1007/s00726-010-0766-1
https://dx.doi.org/10.1007/s00726-010-0766-1
https://dx.doi.org/10.1007/BF02616120
https://dx.doi.org/10.1007/BF02616120
https://dx.doi.org/10.1007/BF02616120
https://dx.doi.org/10.1002/ijc.31067
https://dx.doi.org/10.1002/ijc.31067
https://dx.doi.org/10.1002/ijc.31067
https://dx.doi.org/10.3390/ijms20194763
https://dx.doi.org/10.3390/ijms20194763
https://dx.doi.org/10.3390/ijms20194763
https://dx.doi.org/10.1007/s12253-019-00773-3
https://dx.doi.org/10.1007/s12253-019-00773-3
https://dx.doi.org/10.1007/s12253-019-00773-3
https://dx.doi.org/10.3390/pharmaceutics12060576
https://dx.doi.org/10.3390/pharmaceutics12060576
https://dx.doi.org/10.3390/pharmaceutics12060576
https://dx.doi.org/10.1038/nrm2820
https://dx.doi.org/10.1038/nrm2820
https://dx.doi.org/10.3390/biom10020183
https://dx.doi.org/10.3390/biom10020183
https://dx.doi.org/10.1038/srep36938
https://dx.doi.org/10.1038/srep36938
https://dx.doi.org/10.1038/srep36938
https://dx.doi.org/10.1038/srep36938
https://dx.doi.org/10.1007/s00726-018-2630-7
https://dx.doi.org/10.1007/s00726-018-2630-7
https://dx.doi.org/10.1007/s00726-018-2630-7
https://dx.doi.org/10.1007/s00726-018-2630-7
https://dx.doi.org/10.1007/978-981-13-8747-0?ref=pdf
https://dx.doi.org/10.1016/j.bbamem.2017.09.015
https://dx.doi.org/10.1016/j.bbamem.2017.09.015
https://dx.doi.org/10.1016/j.bbamem.2017.09.015
https://dx.doi.org/10.1002/cbic.201800390
https://dx.doi.org/10.1002/cbic.201800390
https://dx.doi.org/10.1002/cbic.201800390
https://dx.doi.org/10.1016/j.febslet.2011.02.011
https://dx.doi.org/10.1016/j.febslet.2011.02.011
https://dx.doi.org/10.1016/j.chemphyslip.2020.104930
https://dx.doi.org/10.1016/j.chemphyslip.2020.104930
https://dx.doi.org/10.1016/j.chemphyslip.2020.104930
https://dx.doi.org/10.3390/ijms21062197
https://dx.doi.org/10.3390/ijms21062197
https://dx.doi.org/10.1016/j.ejpb.2014.03.012
https://dx.doi.org/10.1016/j.ejpb.2014.03.012
https://dx.doi.org/10.1016/j.ejpb.2014.03.012
https://dx.doi.org/10.1016/j.cell.2007.08.006
https://dx.doi.org/10.1016/j.cell.2007.08.006
https://dx.doi.org/10.3389/fphar.2018.00006
https://dx.doi.org/10.3389/fphar.2018.00006
https://dx.doi.org/10.1006/abio.1997.2355
https://dx.doi.org/10.1006/abio.1997.2355
https://dx.doi.org/10.1006/abio.1997.2355
https://dx.doi.org/10.1002/psc.987
https://dx.doi.org/10.1002/psc.987
https://dx.doi.org/10.1002/psc.987
https://dx.doi.org/10.12688/wellcomeopenres.15191.1
https://dx.doi.org/10.12688/wellcomeopenres.15191.1
https://www.r-project.org/
https://www.r-project.org/
https://cran.r-project.org/web/packages/PMCMR/vignettes/PMCMR.pdf
https://cran.r-project.org/web/packages/PMCMR/vignettes/PMCMR.pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01399?ref=pdf

